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It is only five years since the concept of the “proteome” was introduced. However, in 
this short time proteomics has developed into a powerful approach for exploitation of 
the constantly increasing wealth of genomic data for a wide variety of organisms. In 
the post-genome era, proteomics is now providing new insights into how cells, tissues 
and even whole organisms function at the molecular level. 

Two-dimensional electrophoresis (2-DE), using immobilised pH gradients (IPG) in the 
first dimension, remains the core technique of proteomics, with its almost unique ability 
to separate reproducibly several thousand proteins simultaneously. Recent advances 
have been made in the separation of very acidic and basic proteins, while sample 
preparation and solubilization remains a problem for certain classes of proteins. There 
is also a need for automation and miniaturization of protein separations, neither of 
which can be easily achieved using classical 2-DE. These issues are addressed in the 
papers and review articles dealing with methodological aspects. Mass spectrometry is 
now accepted as the standard approach to the high sensitivity identification and char- 
acterization of proteins in proteomic projects. However, the detailed analysis of co- and 
post-translational events is an emerging area of interest in proteomics. That proteomics 
has been widely accepted is evidenced by the large number of papers in this book 
devoted to its application to a diverse range of biological problems. 

The articles collected in this book have been published in the scientific journals Elec- 
trophoresis and Angewandte Chemie (International Edition) in 1999. Most of the papers 
were presented at the meeting From Genome to Proteome which was held in Siena, 
Italy from 31’‘ August to 3rd September 1998. Therefore, it is also due to the excellent 
work of the organizers of the meeting Denis Hochstrasser, Vitaliano Pallini and Luca 
Bini that this bookproject could be realized. In addition, further important review articles 
in the field of proteomics have been included. I would like to thank all the authors for 
allowing their contributions to be republished in this volume. 

Harefield, September 1999 Michael J. Dunn 
Editor 
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Proteome Analysis: A Pathway to the Functional Analysis of Proteins 

Friedrich Lottspeich* 

Genomics, the sequencing of whole 
genomes, is progressing at a constantly 
increasing rate. Many projects have 
started, 20 of which have already been 
concluded, and within a few years the 
human genome will have also been 
completely sequenced. Just recently a 
new milestone was achieved with the 
decoding of the genome of the hel- 
minth Caenorhabditis elegans. with 97 
million base pairs the largest yet. Its 
analysis offers promise of information 
on the approximately 19000 genes that 
have been found. However, a “decod- 
ing” of these data in the true sense of 
the word is still far removed. What can 
we learn from genome data? What is 
the value of these data? Without 
doubt, genome data and their analysis 
have for the first time revealed the 
immense complexity of nature. In 
place of the dogma “one gene, one 
protein, one function”, an understand- 
ing of interwoven regulatory networks 
has developed. We have learned how 
to handle large amounts of data. Data 
bank structures have been constructed, 

and highly specialized programs for 
data mining have been or are being 
developed. Classical protein chemistry 
has also profited from the genome 
projects. No longer must every individ- 
ual amino acid of a large protein be 
analyzed-in many cases a hopeless 
task-rather it is sufficient to deter- 
mine small regions of a protein. How- 
ever, not everything can be derived 
from the DNA sequence. What is the 
function of the gene product, what do 
the active proteins look like? The 
answers to these questions are often 
not set out in the primary sequence. 
What is the situation at the mRNA 
level? The most recent developments 
with cDNA chips have given rise to 
much hope that changes in mRNA can 
be rapidly and cost effectively ana- 
lyzed. Nonetheless, can the abundance 
of mRNA also characterize the com- 
plex relationships which constitute a 
certain metabolic situation or a patho- 
logical status? In part, yes; in a few 
cases it has been possible to correlate 
an observation with an altered mRNA 

pattern. But whenever posttranslation- 
a1 modifications, interactions, or deg- 
radation and transport phenomena 
determine the function of a protein, 
mRNA can no longer provide any 
information. Here the only recourse 
is to turn to the level of the proteins 
and to investigate directly their type, 
modifications, and above all their 
abundance. Proteomics, the quantita- 
tive analysis of proteins present in an 
organism at a certain time and under 
certain conditions, is a key to func- 
tional analysis. In the near future 
proteomics will determine target 
search and target selection for both 
basic research, for example in the 
unraveling of reaction and regulation 
networks, as well as for applied re- 
search, as in the development of med- 
icines. 

Keywords: analytical methods - elec- 
trophoresis . mass spectrometry 
proteins . proteomes 

1. Introduction 

The genome projects that are underway worldwide have as 
their target the sequencing and subsequent analysis of 
complete genomes. The sequence analyses of many genomes 
of simple organisms, such as bacteria (Escherichia coli, 
Bacillus subtilis, Helicobacter pylori, Haemophilus influenzae, 
etc.) and the yeast Saccharomyces cerevisiae as a representa- 

[*I Dr. F. Lottspeich 
Max-Planck-Insitut fur Biochemie 
D-82152 Martinsried (Germany) 
Fax: (+49)89-8578-2802 
E-mail : lottspei@biochem.mpg.de 

tive of eukaryots. have already been determined.1’1 Large 
genomes, such as those of the human being or of the plant 
Arabidopsis thaliana are also part of a concerted worldwide 
action; the human genome project will probably be finished 
within a few years. However, the complete genome of an 
organism gives only a relatively static overview of the 
functional potential of an organism and does not describe 
the immense dynamic process which occurs in a living 
organism. For example, every somatic cell of the butterfly 
illustrated in Figure 1 and its caterpillar contains identical 
genetic information. The conversion of this genetic informa- 
tion-that is, the expression of the different genes into 
proteins-takes place, however, during the different develop- 
ment stages of an organism as well as in different cell types 

From Genome to Proteome: Advances in the Practice and Application of Proteomics 
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2 F. Lottspeich 

Figurc I .  Caterpillar and hullerfly of Orgym m f i q i i i i  I.. (reprinted with 
permission of TOPLAB GmbH, Martinsried. Germany). 

and under different environmental conditions. This leads to an 
enormous individual phenotypic diversity in nature. 

During the conversion of genetic information into proteins, 
the tools and raw materials of a cell, there are regulatory 
mechanisms that adjust the relative amounts of individual 
proteins with the utmost precision. The smallest of distur- 
bances of this finely tuned protein expression can lead to 
Considerable biological consequences. Nature has therefore 
developed a complex (and very robust) regulation network 
which at all levels of infomation convcrsion-from tran- 
scription. through translation. to the level of the protein-is 
equipped with numerous feedback and reference points. Thus. 
the expression of proteins is regulated by transcription and 
translation factors. which are themselves proteins and there- 
fore subject to the same regulation mechanisms of synthesis 
and protein degradation. Moreover. the regulation network 
beconies more complex since proteins can be structurally 
altered by posttranslational modifications (e.g. phosphoryla- 
tion. glycosylation. processing). and hence their biological 
activity and function can be modulated. Knowledge of 
posttranslational modifications of a protein is therefore an 
important factor in the understanding of its mode of action 
and is thus essential for a functional analysis. These endog- 
enous molecular relationships are themselves affected to a 
considerable extent by exogenous parameters such as temper- 
aturc. culture conditions, and stress. 

All these complex. interconnected processes are under 
precise spatio-temporal regulation. It has been demonstrated 

that even the most lavish molecular biological methods for the 
functional analysis of individual genes (“gene disruption”, 
“knock-out techniques”, etc.) frequently yield results that are 
either ambiguous or are of no practical value at the molecular 
level. Furthermore, in general no conclusions can be drawn on 
the amount of a corresponding active protein from the 
amount of an mRNA. There is therefore a considerable need 
for complementary strategies directed at proteins which, 
together with molecular biological investigations, can over- 
come the problem of the comprehensive functional analysis of 
genes and gene products. 

2. From Protein Analysis to Proteome Analysis 

Up to 1950 it was still unclear whether a certain protein 
possessed a defined and unequivocal covalent structure, or 
consisted of a very heterogeneous mixture of amino acid 
polymer chains. The work of Pehr Edman and Frederic Sanger 
on the sequence analysis of proteins and peptides demon- 
strated that a particular protein has a clear and unified 
structure.l?l The following three decades were characterized 
by efforts to assign certain biological functions to individual 
proteins. A protein was almost always isolated and purified on 
the basis of its biochemical activity before its covalent 
structure (amino acid sequence and modifications) could be 
elucidated in detail. Once this information was known, 
possible interaction partners were sought and analyzed in 
detail, which in turn served as the starting point in the search 
for further interacting molecules. The disadvantage of this 
reasonable, function-based, and very successfully strategy was 
mainly the relatively large material consumption and the 
tedious isolation, during which consideration always had to be 
paid to retention of biological activity. 

The methods of protein development were under constant 
development, and their sensitivity increased considerably. An 
important milestone in this methodical advance was the 
development of two-dimensional (2D) gel electrophoresis in 
1975.1’1 Even then the great potential of this high-resolution 
separation method-which could separate a large number of 
individual proteins from even such complex mixtures as 
tissues, cells, or body fluids-was recognized. Protein patterns 
from normal and pathological states were compared. but the 
differences observed had solely diagnostic value since the 

Friedrich Lottspeich, born in 1942 studied chemistry at the Universitat Wien. In lY78 he 
completed his PhD with Pehr Edman at the Max-Planck-lnstitut fur Biochemie in 
Martinsried, Germany, on the primary structure of fibrinogen. He worked at this same 
institute until 1984, when he wus appointed as the leader of the independent research group 
“Mikrosequenzierung I’ at the genetics center of the Universitat Miinchen. After habilitations 
at the Universitat Miinchen and the Universitat lnnsbruck he returned in I990 to the Max- 
Planck-lnstitut f i r  Biochemie in Martinsried us leader of protein analysis. He is the author 
of over 550 original publications and the editor of several scientific books. His research 
interests center on methodical and practical approaches for protein structure elucidation 
and proteonie analysis. 
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proteins identified could not be further characterized; at that 
time the analytical methods were either lacking or of 
inadequate sensitivity. I t  was only the appearance of special 
sample preparation techniqueslJl and the further development 
of protein sequencingl’l that from the middle of the 1980s 
permitted analysis of proteins that had been separated by 2D 
gel electrophoresis. On the other hand, as a result of the 
spectacular success and the high development potential of 
molecular biology. protein chemistry had slipped from the 
focus of scientific interest at the beginning o f  the 1980s. 
Molecular biological investigations for solving biological 
qucstions were preferred and which were also successful. 
often in an astonishingly short time. New gene technology 
methods were being constantly developed and improved, and 
their application achieved an all-time high point in the 
sequencing projects of complete genomes.lll 

An awareness of the complexity of natural regulation 
networks was obtained. and the handling of a large number of 
complex samples in microbiology gave rise to considerable 
pressures for the development of automated and more rapid 
analysis techniques. These high-throughput methods pro- 
duced a large amount of data which in turn stimulated the 
development of data hanks and the associated software tools. 
and hence the birth of bioinformatics. 

Towards the end of the 1980s. increasingly loud voices 
proclaimed that microbiological methods alone could not 
unravel the multiplicity and coniplexity of biological proc- 
esses. It became clear that although the mRNA pattern can in 
many cases give information on switched-on or switched-off 
genes and gene families. the amount of mRNA allowed no 
conclusions to he drawn on the amount of the corresponding 
active protein. lncalculablc processes (mRNA degradation. 
translation control, protein degradation, and posttranslational 
modifications) destroy the strict correlation between RNA 
and protein amount, at the mRNA level as well as at the 
protein level.lhl The view that proteins must also he included 
for a more complete picture of biological events continued to 
assert itself since proteins are the active players in the cell. I t  
was precisely at this point in time that two new mass 
spectrometric techniques. electrospray mass spectrometryl’~ 
(ESI-MS) and matrix assisted laser desorptionlionization 
mass spectrometrylXl (MALDI-MS) were first used success- 
fully in protein analysis. With the improvement in these MS 
techniques and the enormously fast growing information on 
sequence data from the genome projects, the basis of a 
completely new, sensitive. and comparatively rapid protein 
analysis was formed. This analysis make it possible to process 
a large number of proteins. The old idea of differential 
analysis of complex protein mixtures could now he started 
afresh, and it now finds use in proteome analysis. 

The word proteome was first used by Marc Williams in 1994 
at the 2D gel electrophoresis meeting in Sienna as “the 
protein equivalent of a genome”, and it was rapidly accepted 
by reason of its “convenience” and analogy to the expression 
“genome”. This term was subsequently more closely defined 
as it became clear that the mere detection and compilation of 
all possible protein and protein variants which could be 
produced from a genome had very little informative value. 
Even the mere positioning of  each possible protein within a 

given separation space-that is. pure mapping-will for many 
reasons hring only very little practical use despite enormous 
expenditure: 
0 The amount and the posttranslational modifications of a 

protein are decisively important for its biological activity 
and action. 

0 No biological state exists in which all possible proteins of 
an organism are expressed. 

0 Even with very good separation systems, several proteins 
are often located in one position. Therefore the identity of 
the protein of interest must he repeatedly checked analyti- 
cally in the relevant experiment. 

0 Technical problems of proteome analysis and small differ- 
ences in sample preparation and analytical protocols 
obstruct the comparability of “proteome maps” from 
different laboratories. 
For these reasons the following views on proteome experi- 

ments are increasingly gaining ground: A proteomc repre- 
sents the protein pattern of an organism. a cell. an organelle. 
or even a body fluid determined quantitatively at a certain 
moment and under precisely defined limiting conditions. 
Furthermore, the proteome reflects a current metabolic status 
of the corresponding cell (or organism) which is determined 
by manifold interactions of the different molecules that are 
currently still difficult to analyze and by innumerable environ- 
mental parameters. Unlike the genome. the proteomc is thus a 
highly dynamic system which is characteristically altered by 
changes in “environmental conditions” (for example. the 
change in culture conditions for a production strain or the 
addition of a drug to a cell culture). 

Proteome analysis are only meaningful in conibination with 
a subtractive procedure (Figure 2) in which two or more well- 
defined states can he compared. Changes in individual 
proteins for the protein patterns of these different states 
(e.g. a cell with and without a drug. or by comparison of cells 
from normal and pathological states) are observed and 
quantitatively evaluated. Therefore the proteonie can be 
regarded as a unique. highly sensitive monitor for complex 

state 1 statc 2 state 3 

1 
profeome I 

1 
profeomc 2 

1 
protcomc 3 

characterization of the different proteins 

Figure 2. Schematic representation of the subtractive procrdurr. Differ- 
ences that are characteristic of the individual starting states are recognized 
by the comparison of two protein patterns. 
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metabolic and regulatory relationships of an organism. It 
should be possible to draw conclusions about the participating 
functional networks (metabolic pathways, regulatory cas- 
cades) from the observed changes which usually involve many 
proteins. A functional statement can be reached by means of a 
correlation with the phenotype. The situation can be likened 
to a movie which, although it consists of a sequence of 
individual static pictures, obtains a significant information 
content from the dynamics of the changes between the 
individual pictures. The stills of a movie are, however, still 
able to give an impression of the events of the movie, and this 
all the better the more carefully and the more characteristi- 
cally the scenes are selected for the stills. Similarly, a 
meaningful statement can also be achieved in proteome 
analysis through an investigation of the changes between 
different (per se static) snap shots of quantitative protein 
composition. However, we are only at the threshold of an 
understanding of the “pictures” of the proteome movie. We 
must learn to correlate the observed differences in protein 
patterns with biological effects. The better the choice of 
individual proteome states, the clearer the interpretation of 
sequence and type of changes. 

Proteome analysis can thus give an new quality of answers 
to biological questions that currently cannot be obtained by 
any other technique. Only the interaction of proteome 
analysis with the molecular biological gene technology 
methods of genome analysis will give a better insight into 
the complex functional regulation and metabolic networks of 
nature. 

3. Methods of Proteome Analysis 

In contrast to classical protein analysis. proteome analysis 
has the distinct advantage that a biologically relevant state- 
ment can be obtained independent of the biological activity of 
the individual protein. As a result, no consideration needs to 
be given to protein activity during separation, which allows 
the use of denaturing separation conditions and hence 
significantly faster and more efficient analyses. However, 
the systematic and comprehensive analysis is much more 
difficult than the analysis of genes since, unlike with RNA or 
DNA, no amplification possibilities are available for proteins 
(a limited sensitivity arises from this), and the physical- 
chemical and biochemical properties of proteins are extreme- 
ly varied. Therefore, new methods must be developed to be 
able to handle efficiently protein mixtures that can contain 
more than loo00 different protein species. Methods of 
proteome analysis are being developed worldwide, particu- 
larly in university research laboratories. However, because of 
limited resources, only single aspects of proteome analysis are 
being investigated in individual laboratories. This has given 
rise to the current situation that, although in principle all 
methods for the analysis of proteomes exist, the expertise for 
the totality of the necessary techniques (eg. sample prepara- 
tion, 2D gel electrophoresis, enzymatic and chemical cleav- 
age, sequence analysis, mass spectrometry, bioinformatics) 
within a group is available in only very few places. 

Proteome analysis can be divided into individual steps: 
0 formulation of the question and determination of the 

starting conditions for the proteome analysis (or for the 
individual states of a subtractive procedure), 

0 sample preparation, 
0 separation of the proteins, 
0 quantification of the proteins, 
0 data bank analysis of the protein pattern with bioinfor- 

0 protein chemical characterization of the altered proteins 
matic methods, 

and analysis of posttranslational modifications. 

3.1 Formulation of the Question and Determination of 
the Starting Conditions for the Proteome Analysis 

The methodology and thus the effort and costs of a 
proteome analysis are significantly influenced by the formu- 
lation of the question itself: A proteome analysis in the 
“puristic” sense should be able to provide statements on 
functional networks and/or involvement of certain proteins in 
individual reaction and control mechanisms by means of the 
differences between two or more snap shots of the protein 
patterns. The procedural possibilities are very numerous so 
that only a few representative and random examples will be 
described : 
0 Which proteins are involved in reaction networks or 

biological mechanisms? This information can serve as a 
basis for the selection of target proteins or marker 
proteins.lhh, y. ‘“1 

0 How do chemical compounds and environmental condi- 
tions affect protein expression, and how do they alter 
differentiation, proliferation, and metabolism through 
their pharmacological and toxicological actions? What 
differentiates here, for example, between drugs with and 
without side effects? Which proteins or which protein 
constellations are characteristic of side effects (see also 
Figure 6)?Ihh. ‘‘)I 

0 What are the molecular foundations for efficient produc- 
tion strains in microbiology? Can the expression of 
proteins be influenced on a rational basis such that higher 
production yields or product purities can be 
In general, the difficulty in drawing functional conclusions 

from changes increases greatly with the number of changed 
proteins. Therefore, to be able to make meaningful state- 
ments, the differences between the individual states of a 
proteome analysis should not be too widely chosen. 

A thorough consideration of the effort needed should be 
established before a proteome analysis is undertaken. For 
technical reasons-both during separation as well as during 
detection-a complete quantitative observation of all ex- 
pressed proteins is (still?) not possible. Hydrophobic proteins 
and proteins that are very large, very small. very acidic, or 
very basic give rise to serious separation problems which 
prevent the preparation of a complete proteome even under 
otherwise optimal conditions. It is currently assumed that 
significantly more than 50% of expressed proteins can be 
quantitatively detected and analyzed in organisms with a 
small genome, for example yeast. Since a few milligrams of 
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protein material can be loaded onto a 2D gel,l”l proteins 
which occur in copy numbers of more than 100000 per cell can 
easily be directly recognized, quantified, and also character- 
ized by protein chemistry. However, most proteins are far less 
well expressed and must be enriched in additional steps (see 
Section 3.2), which means considerably more effort. In setting 
the objectives of the experiment consideration must therefore 
be given to how far an (approximately) complete proteome 
analysis is at all necessary or meaningful (or even feasible), or 
whether the investigations can be limited to a certain group of 
proteins. This can be achieved by biological fractionation (e.g. 
of certain organelles), but it can also include a physical 
fractionation (e.g. precipitation). In all cases it is important 
that the starting material for the actual proteome analysis can 
be prepared reproducibly. 

An important area of application for proteome analysis is 
the recognition of proteins which are correlated (e.g. diag- 
nostic and therapeutic markers) with a certain state (e.g. a 
disease). For this purpose the protein patterns of, for example, 
healthy and pathological cells, tissues, or body fluids are 
compared. Even if here the individual states of the proteome 
analysis are biologically widely separated, and there are no 
expectations that complex functional relationships can be 
elucidated directly from the changes in protein patterns, the 
aim to recognize important diagnostic and therapeutic 
proteins is often achieved. These generally serve as a starting 
point for continuing analyses. The following aspects must be 
taken into consideration, however, in the evaluation of 
results: 
0 There are almost always problems in the sampling of ex 

vivo material which can rarely be carried out with complete 
reproducibility. Consequently, under certain circumstances 
several cell types with different proliferation and differ- 
entiation states are present. 

0 The “normal values” for individual proteins can differ 
considerably in different test subjects and must be statisti- 
cally validated. 

0 The protein pattern will also differ significantly, even under 
identical limiting conditions, owing to the relatively 
frequent occurrence of “polymorphism”. It is estimated 
that the genomes of two people differ in about one million 
base pairs; many of these differences are manifested at the 
protein level as amino acid exchanges. The resulting 
isofunctional, but physically slightly different proteins are 
found at different positions during proteome analysis and 
thus alter the protein pattern. 
All these difficulties with sampling and the sample material 

can be ameliorated by a large statistical basis. However, the 
material for this is sometimes not available. 

A further group of experiments is also frequently ascribed 
to proteome analysis since in terms of methodology it uses the 
same tools. This is the investigation of protein mixtures which 
are present, for example, in the search for interaction partners 
of a protein by immunoprecipitation or in the analysis of the 
composition of protein complexes. Here the objective is to 
characterize all proteins that bind to a given protein or are the 
components of a protein complex. Even if here too all high- 
throughput methods of proteome analysis are used, the 
significant difference-and the enormous simplification-to 

a real proteome analysis is that on one hand the limiting 
conditions for the analysis are far less complex and on the 
other the accurate, quantitative determination of the amount 
of protein present plays only a subordinate role (the absence 
of an absolute quantity determination prevents a simple 
statement on the stoichiometric composition of the com- 
plexes). 

3.2. Sample Preparation 

Sample preparation is the first important step of every 
proteome analysis. If a good description of individual 
proteome states is to be guaranteed, all possible experimental 
parameters must be registered and held constant since protein 
expression of a cell is highly sensitive to changes in external 
parameters. To be able to keep these parameters under the 
best possible control, cultivated cells must normally be used 
for proteome analysis in order to limit biological variability 
and to have the necessary amount of protein available. All, 
including unintended, changes during sampling will result in 
quantitative and qualitative variations in the protein pattern, 
which again must be compensated for by multiple analysis and 
complex statistical safeguards. 

To be able to assess quantitative relationships correctly, 
care must be taken that the proteins remain completely intact 
during every type of sample preparation, that is, that they are 
neither modified nor degraded. Proteases are frequently 
released during cell disintegration, which can degrade pro- 
teins very rapidly and thus artificially increase the hetero- 
geneity of the protein mixture and at the same time alter the 
natural quantitative relationships of the proteins to each 
other. This means that sample preparation must be specifi- 
cally optimized for each starting materiaI.[l*I It is possible that 
protease inhibitors and/or high concentrations of chaotropic 
agents for denaturing proteolytic enzymes must be added or a 
low pH must be used during disintegration. In every case 
workup must be rapid and at low temperatures. Relatively 
simple samples, for example body fluids or cells without 
extremely stable cell membranes, are best dissolved directly in 
the application buffer for 2D gel electrophoresis. A specific 
sample preparation protocol must be individually worked out 
for very demanding samples. The main aim must be to make 
sample preparation as simple and complete as possible, but 
above all it must be reproducible; for the latter standardized 
and essentially automated procedures should be worked out 
and applied. 

A good sample preparation can also include fractionation 
of the sample, which leads to a reduction in sample complex- 
ity. This is particularly advantageous for the subsequent 
separation of the protein mixture and quantification of the 
separated proteins. Biological preseparations-such as iso- 
lation of certain organelle fractions (e.g. mitochondria, 
membranes, cell nuclei) or physical-chemical methods such 
as precipitation, preparative electrophoretic procedures (e.g. 
free flow electrophoresis), chromatographic prepurification 
steps+an be used. 

Sample preparation for proteome analysis is extremely 
difficult, mainly because of the broad spectrum of physical- 



6 F. Lottspeich 

chemical properties of the individual proteins. Therefore the 
proteins in such a complex protein mixture, as represented by 
the proteome, will inevitably differ quite dramatically in their 
solubility properties. Consequently they behave quite differ- 
ently and should ideally also be handled differently: 

Proteins that are readily soluble in water or dilute buffer 
cause few problems. These are mostly cytosolic proteins or 
proteins from body fluids. 
Proteins that have very stable secondary and tertiary 
structures and are poorly soluble in water can be first 
solubilized by the addition of chaotropic substances such as 
urea or guanidine hydrochloride. The danger of undesired 
partial and uncontrollable modifications of individual 
proteins can arise (e.g. by carbamylation), which causes 
an originally uniform protein to occur in many forms and 
the sample mixture to become even more heterogeneous. 
This can cause considerable problems during separation 
and quantification. 
Proteins which, when brought out of their natural environ- 
ment, form large insoluble complexes are first solublized 
by chemical reactions, for example reduction of disulfide 
bridges. 
Membrane proteins, whose natural environment is lipid 
membranes and which aggregate very readily during 
isolation from the membrane and consequently become 
insoluble, are particularly difficult to handle. These hydro- 
phobic proteins can only be held in solution by the action of 
detergents, which, however, frequently disrupt the subse- 
quent stages of efficient protein separation, or even make 
them impossible. 
The high protein concentrations that are necessary for most 
separation and analytical procedures often involve the risk 
of aggregation and thus the precipitation of certain 
proteins. In contrast, low protein concentrations, which 
are generally advantageous for protein solubility, require 
additional steps prior to the separation and analytical 
procedures; this again involves the risk of protein loss. 

3.3. Protein Separation 

The best possible high-resolution separating techniques 
that are able to separate all proteins with the most diverse 
properties at the same time must be used for the quantitative 
analysis of a protein. The only high-resolution methods 
available in the molar mass region of proteins are electro- 
phoretic and chromatographic techniques. Yet in a given 
analysis, neither of these techniques can separate much more 
than about 100components. However, since a simple cell 
probably contains at least loo00 protein species, and more- 
over the amounts of proteins present in a sample can differ a 
factor of lo6 or more, an sufficiently large separation space 
must be available. This can only be achieved by coupled, 
multidimensional separation procedures. 

3.3.1. Electrophoretic Techniques 

Proteins have a zwitterionic character and, depending upon 
the buffer conditions, can be positively or negatively charged. 

Electrophoretic procedures separate compounds according to 
their mobility in an electric field; the electrophoretic mobility 
of each protein is a characteristic value. 7kro high-resolution 
electrophoretic techniques are used in proteome analysis, 
isoelectric focusing (IEF) and sodium dodecyl sulfate -PO- 

lyacrylamide gel electrophoresis (SDS-PAGE).[’I 
In IEF, the individual proteins of a mixture move to their 

isoelectric point in a pH gradient where they lose their net 
charge and thus their electrophoretic mobility. If because of 
thermal diffusion a protein moves from the pH region of its 
isoelectric charge, it gains a charge and in this moment returns 
electrophoretically to its “correct” position, which corre- 
sponds to the isoelectric point. Thus isoelectric focusing is a 
concentration end point method which forms sharp, highly 
concentrated protein bands. It is also compatible with (non- 
ionic) surfactants, which is an important prerequisite for its 
use in proteome analysis. 

In SDS-PAGE, all protein molecules are loaded with SDS 
and move as negative SDS-protein complexes in the direction 
of the anode in an electric field and are separated in the 
polyacrylamide matrix according to size. 

In the combination of IEF and SDS-PAGE, the 2D gel 
electrophoresis developed by Klose and O’Farrell in 1975j71 
the IEF gel with its highly concentrated protein bands is 
placed on an SDS-polyacrylamide gel and the samples are 
further separated according to molecular size in a second 
separation step. Highly resolved, two-dimensional protein 
patterns are formed which can be visualized by coloration and 
evaluated quantitatively (Figure 3). The 2D electrophoresis is 
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Figure 3. View of a typical 2D gel from Saccharornyces cerevryiar 
(immobiline technique, pH 4-7). 

currently the only method for proteins which is able to make 
available a separating space of several thousand components 
and can separate complex protein mixtures within a few hours. 
However, only with the introduction of immobilized pH 
gradients (IPG)[’-” for the isoelectric focusing dimension and 
through improved sample application techniquesllll over the 
last few years has 2D electrophoresis reached a level that 
leads to reproducible protein patterns. With the use of IPG 
gels, which are also obtainable commercially as ready-to-use 
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gels, many of the inadequacies of isoelectric focusing with 
ampholytes (cathode drift, unstable ampholyte mixtures of 
variable composition) could be overcome. A further, immense 
advantage of the immobiline technique is that gels with very 
narrow pH ranges (total pH gradient, for example, 1 pH unit 
for a gel width of 18 cm) can be prepared which can separate 
proteins that differ by less than 0.01 pH unit in their isoelectric 
point (Figure 4).1l41 These gels also have the advantage that 
they can be loaded with a large amount of protein (up to ca. 
15 mg) so that poorly expressed proteins can also be 
visualized directly.l"] 

Figure 4. Split pH gradients of IPG gels improve the resolution and 
loadahility. The proteins in the marked areas of the gel shown on the left 
(pH range 3-10) are much better separated on the gel shown on the right 
(pH range 5 - 7). 

Several special properties make 2D gel electrophoresis such 
an excellent separating technique for proteome analysis: 
0 There are two complementary and efficient separating 

principles (IEF separates by charge, SDS-PAGE by molar 
mass). 

0 The technique may in principle be used for all proteins 
(detergent compatibility). 

0 The technique is parallel and therefore rapid. 
0 Partial regions of the proteome can be analyzed with very 

high resolution and high protein loading over a narrow pH 
gradient. 
However, serious disadvantages confront the advantages of 

high universality and rapidity, which makes further develop- 
ment of this procedure imperative: 
0 Skilled sample preparation is necessary. 
0 Sample loading is quantity-limited, so that very poorly 

expressed proteins cannot be directly recorded. 
0 Protein transfer from the first to the second dimension is 

not quantitative and poorly reproducible. 
0 There is no simple quantification. Proteins must be colored 

with dyes which bind differently to different proteins. 
0 Proteins are located in a polyacrylamide gel matrix which is 

chemically not inert and which therefore can lead to 
modifications and, moreover, which prevents a direct 
analysis of the separated proteins. 

0 Automation is not available. 
0 The processing of the 2D gel analysis is technically 

demanding, and it is extremely difficult to achieve good 

comparability and reproducibility of the gels (at least 
between individual laboratories). 

0 Not all proteins are equally well detected. No useful 
information is obtained for very small (MW < l O O 0 0 )  and 
very large (MW > 1OOO00) proteins. 
In summary, an excellent resolution and an excellent 

compatibility with almost all protein classes conflict with an 
only partially adequate reproducibility and robustness. In 
spite of this, however, 2D gel electrophoresis is currently the 
only method which is used for the proteome project. 

3.3.2. Chromatographic Techniques 

Selectivity is achieved in high-resolution chromatographic 
methods (e.g. ion exchange, hydrophobic interactions, re- 
verse-phase) by the individual interactions of protein mole- 
cules with the chromatographic surface, the stationary phase. 
Strongly interacting proteins can be irreversibly adsorbed 
onto the chromatographic surface. Unfortunately these ad- 
sorption losses are hard to predict since they depend upon the 
total protein concentration, the individual protein and its 
concentration as well as other, poorly controllable factors. 
The adsorbed protein changes the properties of the stationary 
phase so that a reproducible separation is extremely difficult. 

A serious problem of all chromatographic methods is peak 
broadening. Every protein, even if applied to a column in very 
small volumes (high concentration), undergoes dilution dur- 
ing the chromatographic separation and elutes from the 
column in a concentration distribution which corresponds to a 
Gaussian curve. Since extremely complex protein mixtures 
are involved, fraction change occurs at well-defined time- 
points, but is unpredictable with respect to individual proteins. 
Consequently, many proteins are found in several fractions, 
and the finally desired quantification of these proteins is made 
much more difficult. 

A further serious disadvantage of the chromatographic 
techniques is that they are generally carried in series. After an 
initial fractionation into, for example, 100 fractions, each 
individual fraction must be subjected to a further separation 
dimension (e.g. a further chromatographic step). Even with 
very rapid chromatography (e.g. the total duration of an 
analysis 30 min including regeneration of the column), the 
total workup of the fractions from the first separation can 
require several days. Moreover, a large number of fractions 
are produced which have to be analyzed further. Proteins are, 
however, relatively labile compounds which can be rapidly 
modified, denatured, or degraded in solution, particularly in 
mixtures with other proteins. Workup periods become unac- 
ceptably long if a third chromatographic dimension must be 
added. 

For these reasons multidimensional chromatographic sep- 
arations have currently found no application in proteome 
analysis. However, because of the indisputable advantages of 
chromatographic techniques in quantification (UV detec- 
tion), and automation, and the numerous possibilities for 
modulating separation selectivities, there is still the chance 
that one day multidimensional chromatography will be used 
as a complementary technique to electrophoresis for pro- 
teome analysis 
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3.4. Quantitative Recording of Separated Proteins 

Since most physiological and pathophysiological processes 
are associated with quantitative changes to individual protein 
species, the central theme of proteome analysis is the most 
accurate determination possible of the amounts of the 
separated proteins. For this to be realized, the proteins must 
be visualized in an evaluable form. 

3.4.1. Detection 

The methods most frequently used are different stainings. 
The problem associated with all stainings is that they give a 
specific and unpredictable color intensity for each protein 
(according to its amino acid composition and the modifica- 
tions that are present). The result is that no absolute 
statement on the amount of single proteins can be made, 
and protein patterns with different types of stainings cannot 
be compared. Furthermore, stainings are linear over a very 
limited range (maximum two orders of magnitude) because of 
the saturation effects. To cover a large dynamic region several 
gels with different amounts of protein must be prepared, so 
that an approximate calibration curve for each protein can be 
prepared. Only proteins which lie outside the saturation 
region of this calibration curve are suitable for quantification. 
Consequently, computer-supported image evaluation coupled 
with high-performance data processing is absolutely neces- 
sary. If different gels must be compared with each other and if 
at the same time the total protein amounts or color intensities 
are different, the question of standardization arises. Occa- 
sionally every protein spot is compared with the intensity of a 
known and constitutively expressed protein, which is itself 
problematic because constitutively expressed proteins can 
also change significantly in their amount. The better way is to 
relate the intensity of each protein to the total intensity of all 
proteins. 

The most frequently used staining for proteome analysis is 
currently silver staining, in which the proteins are fixed in the 
gel with trichloroacetic acid and the gels are then placed in a 
silver nitrate solution. A number of silver ions are bound by 
the proteins and are precipitated in the form of elemental 
silver by reduction. The proteins darken very rapidly as a 
result of the high silver concentrations. The reaction is 
stopped by a large pH change. The silver staining can be 
used to detect proteins with relative sensitivity and exhibits a 
linear range of about 0.5-20 ngmm-2. Unfortunately this 
staining is very difficult to reproduce since the blackening is 
highly dependent upon the duration of development and the 
temperature. A number of different protocols exist which 
differ from each other in duration, sensitivity, and simplicity, 
and which are being continually improved.l151 

Staining with the triphenylmethane dye Coomassie blue is 
somewhat more robust than silver staining.[I6l It is, however, 
also significantly less sensitive (linear range ca. 50 ngmm-2 to 
1 pgmm-*). Here too different staining protocols exist. The 
method of Neuhoff et al. which achieves color penetration 
of the protein, gives the best results with respect to a 
quantitative evaluation. 

Protein detection methods with fluorescent dyes such as 
SYPRO orange or SYPRO red have advantages over conven- 
tional staining with silver or Coomassie blue.ll’l There are 
about as sensitive as silver staining but are much faster to 
carry out (ca. 30 min) and require no fixing of the proteins in 
the gel. Thus subsequent cleavage or transfer of the pro- 
tein to a chemically inert membrane should be simplified. A 
further principle advantage of fluorescence detection is 
that over measurement times of different duration the 
fluorescence can often be detected in the presence of 
the fluorescence of rare proteins in the same experiment 
and quantified. The absolute amount of a protein cannot 
be derived from fluorescent staining as amino acid concen- 
tration and the type and number of translational modifica- 
tions affect color intensity. Since the proteins are only visible 
under UV light and must be cut out, automated spot 
recognition and automated preparation of protein spots for 
the subsequent analysis is especially important in fluorescence 
staining. 

In principle it should also be possible to allow all proteins of 
a proteome state to react covalently with a fluorescence 
reagent before their separation. In addition to an increased 
detection sensitivity this would bring the advantage that 
different states could also be treated with different fluorescent 
dyes. Then the proteins of the two states could be separated in 
the mixture under identical conditions (“multiplexing”), and 
the respective proteins could be assigned to the two states by 
detection of the different emission wave lengths. Differences 
would then be simpler to recognize since the technical 
problems of reproducible separation need not be consid- 
ered.[l81 Fluorescence labels with different optical but identi- 
cal electrophoretic properties would need to be used. The 
problem with this procedure lies in the uniform covalent 
labeling of the proteins with the fluorescent dyes. The 
conversion is a chemical reaction at the functional groups of 
a protein. This reaction almost certainly does not go to 
completion in complex mixtures. Even if a reaction yield of 
99% with every single functional group were achievable, a 
uniform protein would provide a very heterogeneous mixture, 
which would also have to be separated with highly selective 
separation methods (primarily in isoelectric focusing). Each 
of the artificially generated by-products may indeed be 
present in a small fraction of a few thousandths, but even 
these minimal amounts almost always lie at the levels of 
naturally occurring proteins since the concentration range of 
different proteins in a cell spans at least six orders of 
magnitude. 

Attempts can also be made to prevent the proteins from 
reacting fully, but to treat them instead with very small 
amounts of a fluorescence reagent. In this way only a small 
fraction of the protein is labeled and the main fraction of the 
protein remains unmodified. With a suitable choice of reagent 
it is possible to arrange that the separation behavior of thg 
modified and the unmodified protein do not differ signifi- 
cantly!l81 

A fluorescence reaction after the first dimension of 2D 
electrophoresis could also be in part a way out. On the one 
hand, high-resolution separation is effected by isoelectric 
focusing, and on the other the mass heterogeneity from a few 
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fluorescence molecules lies below the resolution capabilities 
of the second dimension. SDS-PAGE.l"'I 

Immunological colorations with antibodies are very sensi- 
tive and can also detect very rare proteins directly. Unfortu- 
nately there are no specific antibodies for the peptide bond, so 
it cannot he used as a general detection tool. However, 
antibodies are very valuable in the detection of certain 
specific proteins or protein groups (e.g. tyrosine-phosphory- 
lated proteins with a phosphotyrosine antibody). This applies 
similarly to lectin staining, which can he used to recognize 
glycosylated proteins. 

Radiolaheling can he used very profitably for specific 
questions which allow an incorporation of radioactivity during 
the culturing of cells. This normally means the handling of 
high quantities of radioactive material, for which laboratories 
must he specially equipped. Thus, for example, specific 
proteins that are synthesized at certain time points can be 
detected by metabolic laheling with ["SIMet or [35S]Cys in 
pulse - chase experiments. Alternatively, a selective analysis 
of phosphorylated proteins (i.e., phosphoprotein partial 
proteome) can be achieved by labeling with [y-"PIATP. 

Even though radiolabeling is a highly sensitive detection 
method and quantification has been improved in its linearity 
by the development of photoimaging techniques, it does not 
reflect the absolute amount of a protein since the incorpo- 
ration of the labeling is dependent upon the amino acid 
composition of the individual proteins. 

3.4.2. Quanrificarion 

The next step after the detection of the separated proteins is 
their quantification. Except for amino acid analysis. no 
method exists to determine the absolute amount of individual 
proteins separated in a 2D gel. However, amino acid analysis 
is very sensitive towards contamination and work-intensive 
(even if readily automated). and it gives reliable results only 
with more than about 0.4 pg of protein. Thus, it is too 
insensitive for most proteins in a 2D gel. 

Stained gels are normally measured by computer-supported 
laser densitometry. It has been demonstrated that only laser 
scanners have the required high dynamic range to provide 
good results. Special software packages for automatic spot 
recognition. quantification, and presentation of the results are 
used for data collection and further evaluation. The raw data 
and results are deposited in structured form in large data 
hanks which can he accessed by special data hank programs 
for "data mining". 

also he possible to include clinical data hanks and literature 
data. Usually the desired information is deposited worldwide 
in different data hanks which are linked by on-line connec- 
tions. Part of the information is available from publicly 
accessible data hanks by means of the World Wide Weh.llhl 
Other information. however, is so sensitive that it cannot be 
accessed publicly. The data hank software must also allow 
complex interrogation as, for example, which drug positively 
influences the expression of which proteins in which patient 
group, or which compounds influence the expression of 
certain proteins in the same way. The programs used for the 
quantitative evaluation of 2D electrophoresis are hopelessly 
overwhelmed by such questions. Special data hank programs 
for extensive data mining of RNA expression data and 
proteome data are currently a priority in the development in 
hioinformatics. The clear presentation of results of proteome 
analysis data is also receiving increased attention. These can 
he simple bar charts in which the protein amounts for 
individual proteins or protein groups from different experi- 
ments are illustrated (Figure 5). The progression of the 
amount of protein present at any point in time can be readily 
recognized, and proteins with a similar quantitative progres- 
sion can be further collated by cluster and correlation analyses 

3.5 Data Evaluation by Bioinformatics 

The large amount of data that is obtained during proteome 
analysis can no longer be evaluated without the massive 
support of specialist data hank software. Not only is rapid 
access to data concerning gel position, quantity, and identity 
Of a protein important '  but  the in part unstruc- 

data on the Origin. preparation. and work-up history Of 

the sample needs to be readily available. Moreover, it must 

Figure 5 .  lllustration of proteome data. A) Change in the amount of a 
protein in different experiments. B) Illustration of the changes of several 
proteins in different experiments. 
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and compared.12"l Representations which depict complex 
relationships are also illustrative, and significance parameters 
can also be clearly considered (Figure 6 ) .  

Figure 6. Illustration of a proteome analysis with consideration of 
statistical parameters, and schematic example for estimation of the action 
of a drug. A) Proteome of a normal cell. B) Proteome of a pathologically 
changed cell. The arrows show the changed proteins characteristic of the 
disease state. C) Pathologically changed cell under the influence of the 
ideal drug. The pathological changes are reversed. The cell appears normal. 
D) Pathologically modified cell under the influence of a real drug. A few 
pathological changes are reversed, but new changes to the proteome may 
also he induced. an indication of side effects. The upward or downward 
slope of the arrow is a measure of the increase or  decrease in the respective 
amount of protein. The length of the arrow shows the statistical significance 
of these changes (unchanged proteins would all have horizontal arrows and 
are omitted for clarity). 

3.6. Protein Chemical Analysis of Proteins Separated by 
Gel Electrophoresis 

Methods for the analysis of proteins that have been 
separated by gel electrophoresis have been the subject of 
intensive efforts over the last 15 years. Since the proteins in a 
gel matrix are practically inaccessible to normal protein 
chemical methodology-such as sequence analysis, amino 
acid analysis, and mass spectrometry-the first success was to 
transfer the proteins from the gel onto chemically inert 
membranes and to immobilize them there.14a41 The intact, 
immobilized proteins can be analyzed by amino acid sequence 
analysis, by amino acid analysis, or more recently by mass 
spectrometric methods.l*', 221 However, since the analysis of 
intact proteins is work-intensive and rarely produces suffi- 
cient information for unambiguous protein identification, the 
analysis of internal fragments after enzymatic or chemical 
cleavage of the protein has proved to be the more efficient 
strategy. The procedure most generally used today within the 
context of proteome analysis is reproduced in Figure 7 and 
will be discussed in the following sections. 

no reparation 

sequence 

I DNA and protein data banks 

Figure 1. Schematic representation of the setup for high-throughput 
protein identification. and strategies for the characterization of proteins 
separated by gel electrophoresis. 

3.6.1 Analysis of Intaci Proteins 

Amino Acid Sequence Analysis 

The amino acid sequence analysis of blotted proteins is an 
automated, relatively work intensive, expensive, and slow 
standard procedure, and can be used without serious prob- 
lems for protein amounts in the picomole range.14a+l The 
protein is frequently identified, or at least clearly character- 
ized, by its N-terminal sequence. The achievable sequence 
length (maximum 40 amino acids) is sufficient for identifica- 
tion or homology searches in data banks, but it covers only a 
small part of the whole protein sequence. Therefore, closely 
related isoenzymes, splice variants, modifications, or point 
mutations outside the investigated amino terminal region of 
the protein cannot be recognized. The main problem is, 
however, that more than half of all proteins are N-terminally 
modified and are thus not accessible to sequence analysis. 

Amino Acid Analysis 

Every protein has a characteristic amino acid composition. 
Therefore, almost every protein can be identified with high 
probability in a protein data bank simply from the relation- 
ship of its amino acids to each other.14'-hl In practice, however, 
the accuracy of the determination of individual amino acids is 
limited. Because of the drastic reaction conditions used in the 
hydrolysis of peptide bonds, every amino acid analysis is a 
compromise between total cleavage of the peptide bonds and 
the least possible destruction of sensitive amino acids. There- 
fore, only the most stable amino acids with relatively large 
error margins are used for a data bank search. The methods 
may be readily automated and is almost as sensitive as 
sequence analysis, but has the advantage that it can produce 
results even with N-terminally blocked proteins. At the same 
time amino acid analysis is the only method which can deliver 
information on the absolute amount of a protein. Unfortu- 
nately in practice these advantages are subject to a number of 
severe limitations which greatly restrict the general value of 
amino acid analysis in proteome analysis. The technique can 
only identify proteins whose sequence has been deposited in a 
data bank. With most proteins, however, the protein sequence 
is available only as the translation of the DNA sequence, 
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which often differs significantly from the sequence of the 
naturally occurring form of the protein. After translation, 
signal sequences are cleaved and proteins further processed 
and modified. The amino acid composition of the experimen- 
tally accessible protein thus differs from the theoretical 
composition deposited in the data bank. The former is 
normally not included in the data banks at all, or only 
marginally so. Because of the described technical and intrinsic 
problems, and because of the ubiquitous and unavoidable 
contamination (free amino acids from buffers, keratins, etc.), 
the margin of error in the determination of individual amino 
acids is so large that an identification of particularly poorly 
expressed proteins is frequently ambiguous. In practice, single 
amino acid exchanges or modification of an identified protein 
cannot be recognized. 

IR-MALDI Mass Spectrometry 

A significant characteristic of a protein is its molar mass. 
Even if the current methods are unable to determine the 
masses of proteins with adequate accuracy (errors in mass 
determination are greater than 100 ppm) to identify a protein 
in a data bank on the basis of its mass alone, mass information 
of the whole protein in association with other data is 
extremely valuable. For smaller proteins at least, the quality 
of mass determination is sufficient to recognize posttransla- 
tional modifications by a comparison of the mass calculated 
theoretically from the DNA sequence and the mass deter- 
mined experimentally. However, the identity of a protein 
must be determined by means of sequence analysis, amino 
acid analysis, or the methods described in Section 3.6.2. 

MALDI-MS is suitable for the analysis of immobilized 
proteins (Figure 8).ls, 21. 221 In a standard MALDI-MS prepa- 
ration the proteins are embedded in a crystalline matrix of 
small organic molecules in which they are then vaporized and 
ionized by laser bombardment. The task of the matrix is to 
separate the individual protein molecules, absorb the laser 
light, and relax the energy in the solid lattice within a short 
period of time. Thus, an explosionlike dissipation of a small 
region of the solid surface and a transfer of the matrix and the 
protein molecules into the gas phase is achieved. With correct 
selection of laser energy this process is so gentle that the large, 
thermally labile protein molecules also remain intact. It is 
probable that the matrix also plays a role in the ionization of 
the protein molecules. Different wave lengths of laser light 
can be used when the interaction of the laser type (UVor IR) 
and the matrix (e.g. 2,s-dihydroxybenzoic acid for UV- 
MALDI or succinic acid for IR-MALDI) is important. The 
resulting protein ions are then accelerated in a time-of-flight 
(TOF) analyzer and the precise time of flight from ionization 
to detection is measured (Figure 8a).l7”1 Since the time of 
flight at a given acceleration potential and flight path is 
dependent only upon the root of masslcharge (mlz), an 
accurate mass determination of the analyte molecule can be 
carried out by means of a calibration. 

To analyze electrophoretically separated proteins after a 
transfer onto a chemically inert membrane directly with 
MALDI, the membrane must be incubated with the matrix 
immediately after electroblotting. UV-MALDI-MS usually 

\ UV or IR loser 

linear 
detector 

detector \ 
\ 
\ 

\ UV or IR loser 

Figure 8. Schematic representation of the setup for MALDI mass spec- 
trometry with a A )  linear and B) reflector TOF detector. A) A laser pulse 
evaporates and ionizes the sample molecule. These are accelerated by the 
potential applied to the grating of the TOFanalyzer. The speed of flight of 
the ions is proportional to l l f i  (m = mass of the ion). B) Ions can 
disintegrate during passage through the field-free drift path (PSD). These 
fragments, which carry structure information, travel with equal speed and 
reach the linear detector at the same time. For separation they are braked 
by the potential wall of the reflector, forced into reverse, and accelerated to 
the reflector detector. Since larger masses penetrate the reflector field 
more deeply, they travel along a longer path to the detector than small ions. 

requires relatively hydrophobic molecules as matrix which are 
soluble only in organic solvents. During incubation of a 
membrane with such a hydrophobic matrix the protein 
molecules are partly dissolved and the geometric arrangement 
of the protein spots is lost by 

In contrast, it has been shown that during incubation of a 
membrane with a hydrophilic matrix the local arrangement of 
the blotted protein spots on the membrane and thus the 
resolution of the gel electrophoresis and even the intensity 
distribution within the protein spots is Such 
hydrophilic matrices are used for IR-MALDI-MS, and there- 
fore electroblotted proteins can be analyzed with high 
sensitivity (down to the attomole range).121bl The limits and 
the intensities of the protein spots can be readily recognized, 
and protein mixtures within a 2D gel spot can also be 
recognized. Unfortunately the very different signal intensities 
for the individual proteins do not allow an estimation of the 
respective protein amounts. The development of automation 
and the improvements in MALDI-MS methodology with 
respect to ion yield and mass accuracy of larger proteins 
suggest that in the near future detection of electroblotted 
proteins will be carried out by MALDI-MS with automatic 
scanning of the blot membrane; a spot will be characterized 
by its mass as well as by its electrophoretic position. 
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3.6.2 Analysis of Internal Fragments 

Enzymatic Cleavage and Elution of Peptides 

Since the analysis of intact proteins is time-consuming and 
rarely delivers sufficient information, the analysis of internal 
protein fragments has proved to be the most efficient strategy 
for the characterization and identification of electrophoreti- 
cally separated proteins. After enzymatic cleavage of the 
separated proteins, which can be carried out directly in the 
polyacrylamide gel matrix,14’-” the peptides obtained are 
eluted and analyzed by mass spectrometric and/or other 
protein chemical methods. A plethora of protocols exist, each 
of which show slight changes but principally fall back on one 
piece of work.l4’I The proteins separated by gel electrophoresis 
are punched out as tightly as possible, washed, and either 
dried or dehydrated by the addition of acetonitrile. A small 
volume of buffered enzyme solution is pipetted onto the 
shrunken gel fragments. Mainly trypsin, endoproteinase Lys- 
C, endoproteinase Glu-C, or endoproteinase Asp-N are used, 
which cut all proteins very specifically and completely. Trypsin 
is used very frequently, particularly if mass spectrometric 
analyses are to follow since it is itself relatively rapidly 
cleaved, and the autoproteolysis fragments serve as internal 
reference peptides for mass calibration. After incubation for a 
few hours at elevated temperature the reaction mixture, which 
contains the cleaved peptides partly in the supernatant and 
partly in the gel, is worked up differently for the subsequent 
analysis methods The supernatant of the cleavage solution 
can be analyzed directly; the yields of larger or more 
hydrophobic peptides are often poor. Usually these peptides 
are eluted from the gel pieces with volatile acids containing 
organic solvents, for example trifluoracetic acid/acetonitrile 
(0.1/0.99 - 1/99). The further workup of the eluted peptides is 
guided by whether the proteome under investigation origi- 
nates from an organism whose genome has already been fully 

HS75 heat-shock Drotein 

MH1 gene product 

elucidated. The large number of samples from proteome 
analysis has already led to automation of cleavage and 
subsequent elution of the proteins separated gel electro- 
phoretically.[231 Commercial apparatus is available which can 
process automatically 50 samples per day (with sample 
amounts of less than 1 pmol). 

Internal Sequences of Proteins from an Organism with 
Completely Sequenced Genome 

A very simple and rapid identification of the proteins of an 
organism with known genome can be achieved with solely 
mass spectrometric methods. The eluted peptides are ana- 
lyzed by MALDI-MS or by nano-electrospray MS without 
further separation.l’”, 241 

In general, the peptide mixture from cleavage on the gel is 
subjected directly to MALDI-MS, where robotic sampling 
systems may also be used. MALDI-MS is now so far 
developed that the samples can be analyzed automatically 
with very high mass accuracy (error less than 20 ppm). The 
data can be evaluated on-line so that the protein can be 
identified with very high probability in sequence data banks 
from the peptide mass pattern obtained. By this method more 
than 90% of the analyzed proteins can be identified directly 
with certainty and with high sequence coverage (Figure 9). 
Identification is not unambiguous with some proteins so that 
further analyses must be carried out. This can be achieved 
with h4ALDI-MS with post source decay (PSD) 
The spontaneous disintegration of proteins and peptides 
during the flight in the field-free drift path of the TOF 
analyzer (metastable decomposition) is utilized here. The 
fragments of an ion all continue to travel with the same speed 
and reach the detector of a linear TOF analyzer at the same 
time. If the fragments in a TOF analyzer with reflector are 
allowed to travel up instead of against a uniformly charged 
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Figure 9. MALDI spectra that identify proteins separated by 2D electrophoresis Enzymatic cleavage of a protein gives a mixture of proteins whose masses 
are analyzed in a data bank with computer support. 
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field (the reflector). the fragments come to a stop and reverse 
(Figure 8b). The different masses penetrate into the reflector 
field to different depths and so have to travel different paths. 
consequently reaching the detector of the reflector instrument 
at different times. The PSD fragments are thus separated. and 
their mass can be determined by calibration with reference 
compounds. The interpretation of the spectra is relatively 
complicated and tedious so that an exact evaluation of these 
spectra cannot be made in a proteome experiment where 
many samples must be analyzed. The uninterpreted spectra 
obtained are therefore compared autoniatically and on-line 
with a data bank of calculated spectra which were generated 
in silico from all theoretically possible peptides of an 
organism. The software then gives an identity suggestion 
based o n  similarity.l”l 

The alternative to MALDI-MS analysis of the peptide 
mixture from cleavage in the gel is electrospray (ESI) MS 
(Figure 10).17Ll In ESI-MS the sample in liquid form is 
continuously sprayed in an electrostatic field to form small 

Figure 10. Schematic representation of the setup for ESI mass spectrom- 
etry. The samples in liquid form (HPLC, CE. injection) are passed 
continuously through the capillary, to which a high potential is applied. The 
resulting spray contains the (multiply) ionized molecules which are 
introduced into the high vacuum field of the quadrupole mass spectrometer 
through the orifice. For mass determination the quadrupoles 01 and 0 2  are 
so set that all ions can pass. The actual mass determination occurs in Q3. 
For structure investigations the mass filter Q1 allows only ions of a single 
mass to pass into 0 2 .  Fragmentation of the sample ions occurs in Q2, which 
is filled with argon gas, and the masses of the resulting fragments are 
analyzed in Q3. 

droplets, which are rapidly desolvated and the charge density 
on the surface of the droplets becomes even larger. After 
repeated. spontaneous disintegration of the droplets (Cou- 
lombic explosion). the desolvated. multiply charged niolecule 
ions are directed to the mass spectrometer, where they are 
nornially detected with a quadrupole mass analyzer. This type 
of mass analyzer is a mass filter which under preset physical 
conditions only allows ions with a totally defined madcharge 
ratio to pass through. All other ions cannot pass the analyzer 
and are lost. Through continuous change of the potential at 
the quadrupole, ions of different masses are allowed to pass 
sequentially (scanning), and the intensity of the ion flow is 
recorded in relation to the mlz ratio. The accuracy of the mass 
determination allows the charge state of each mass signal to 
be determined from the isotope distribution. and hence 
multiply charged ions to be recognized and, with computer- 
ized support, the mass of singly charged ion to be calculated. 

Since the observed ion flow correlates with the concen- 
tration of the sprayed sample. attempts are being made to 
spray highly concentrated solutions at very low flow rates of 
n lmin- ’  (nanospray ESI1’“l). In addition to increased sensi- 
tivity. this has the advantage that very long measurcmcnt 
times are available with a sample of a few microliters. 

ESI-MS also offers the opportunity to obtain at least partial 
structure (sequence) information from the fragmentation of 
individual peptide~.l’~] A triple quadrupole apparatus is used 
in which the first quadrupole is used for the selection of a 
peptide ion. These selected ions are directed to a second 
quadrupole where they collide with argon gas and are 
fragmented. The resulting fragments are then analyzed in a 
third quadruple (Figure 10). The ESI-tandem-MS fragment 
spectra are somewhat clearer and more convenient to 
interpret than MALDI-PSD spectra, but here too automated 
and software-controlled interpretation programs are increas- 
ingly used for proteome analysis. Labeling of the C-terminal 
end of the peptide with ‘“0, by the enzymatic cleavage of the 
protein in the presence of Hz’’O, simplifies the interpretation 
of the fragment spectra considerably.l’nl An alternative to the 
quadrupole apparatus are the ion traps, whereby ions are 
trapped in a suitable electric field and can be kept on stable 
paths.l”l The individual ions can be catapulted from the trap 
by changes in the electric conditions and then recorded at a 
detector. The scan speeds are up to ten times faster than with a 
quadrupole detector, and the ion trap is particularly suitable 
as a rapid detector for coupling with HPLC, where a limited 
amount of time is available for each substance peak. Like the 
triple quadrupole apparatus, the ion trap is also suitable for 
structural determination of peptides since individual ions can 
be selected in the trap and fragmented by collision with inert 
gas atoms. From the results of the mass spectrometric 
sequence analysis-which usually does not give complete 
peptide sequences, but only “sequence tags”-and in combi- 
nation with peptide mass finger print, each protein can usually 
be unambiguously identified. Recent developments also allow 
the coupling of electron spray ion sources with TOF analyzers 
(orthogonal TOF apparatus, Q-TOF, Figure 11). The whole 
ion flow is passed through quadrupoles and hexapoles to an 
orthogonal acceleration system (pusher), which directs the 
ions to a reflector TOF analyzer. This apparatus also permits 
structure identification when the in-line quadrupole is used to 
select the ion, and the selected ion is fragmented in a 
subsequent collision cell and then directed into the TOF by 
the pusher and analyzed. 

Figure 1 I. Schematic represenlation of the sctup for ESI-Q-TOF mass 
spectrometry. The ESI ion flow is directed to the pusher through the 
quadrupole ( 0 )  and the hexapole (H,,) then deflected to a reflector TOF 
analyzer. Structure information is ohtained when Q is used for the selection 
ot one ion which is fragmented in the collision cell H,,,,. The fragments are 
analyzed in the TOF unit. 
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Internal Sequences of Proteins from an Organism with 
Unsequenced Genome 

modifications should be investigated in detail. This informa- 
tion can be obtained from the mass spectrometric analysis of 

The strategy of identifying proteins by mass spectrometry 
solely by means of protein mass patterns currently has two 
main limitations: 
0 The genome sequence of the organism must be essentially 

known. This still has a practical significance today if one 
reflects, for example, that the human genome project is still 
not concluded, although it is anticipated that the DNA 
sequence of the most important organisms will be known in 
the near future. 

0 For a number of reasons, posttranslational modifications 
are only recognized to a limited extent. 
The methods of rapid protein identification by means of 

peptide mass pattern fail if the sequence of the protein under 
investigation is not present in a data bank, if the protein is 
extensively modified, or if several proteins are present in one 
protein spot. Even if large parts of a genome are accessible 
only in partial sequences, EST data banks (EST = expressed 
sequence tags), analysis by peptide mass pattern is unsuccess- 
ful. Furthermore, difficulties in the cleavage and elution of 
larger peptides from the gel lead to a poor sequence coverage, 
and in mass spectrometry itself there are also inherent 
difficulties. Thus, suppression effects prevent quantification 
of individual peptides,l"l signals from ubiquitously present 
contamination (e.g. keratines) complicate the spectra, and 
artificial modifications during sample workup (e.g. oxidation 
or modifications of cystein residues) or during the measure- 
ment itself (e.g. oxidation, fragmentation) frustrate a simple 
assignment of the signals detected. 

Additional time-consuming and slow protein-chemical 
microtechniques must be used for detailed analyses, such as 
the determination of posttranslational modifications of a 
protein or the characterization of proteins from organism with 
unsequenced genome (Figure 7). Capillary HPLC or capillary 
electrophoresis with coupled on-line mass spectrometry 
procedures are used for the separation of peptides after 
enzymatic cleavage in polyacrylamide gels. Such analyses, 
with which the protein is not only identified but also 
investigated, should be carried out starting from at least two 
different enzymatic cleavages in order to cover the total 
protein as far as possible with the sequence data. The end 
effect is that methods that produce de novo sequence 
information-that is, either mass spectrometric sequencing, 
which is cumbersome and is often associated with high 
uncertainty, or the classical Edman degradation, which gives 
unequivocal results but has a sensitivity limit of about 1 pmol 
of peptide starting material-must almost always be used. 
Both sequencing techniques are slow and currently cannot 
handle the large number of samples from a proteome analysis. 

the whole protein with IR-MALDI (see Section3.6.1). A 
deviation of the observed isoelectric point of a protein from 
that calculated from the DNA sequence is also a good 
indication of a modificationd)'] Special mass spectrometric 
techniques such as precursor scan or neutral loss scan and the 
mass spectrometric sequencing methods MALDI-PSD and 
nanospray ESI MSMS are in particular used for the exact 
determination of the type and the position of the posttransla- 
tional modifi~ation.l~~1 They are supplemented by the classical 
structure determination procedures, mainly by the Edman 
sequence analysis. Partial modifications at several sites of a 
protein, which often occurs during phosphorylations and 
glycosylations, are especially difficult to analyze. In these 
cases separation of the peptide mixture by nano-HPLC with 
on-line mass spectrometric analysis must almost always be 
carried out. In summary, the characterization of posttransla- 
tional modifications is still demanding for protein chemists 
and, in spite of the enormous advances in recent years, still 
cannot by solved with high-throughput methods.l"l 

4. Summary and Outlook 

Unlike the static genome, a proteome-the quantitative 
protein pattern of an organism, a cell, or a body fluid under 
quite precisely defined limiting conditions-is highly dynam- 
ic. Several proteomes, each of which reflects a current 
development and metabolic state at a certain timepoint, exist 
for a single genome. Through appropriate selection of differ- 
ent states, functional conclusions can be made from the 
different protein patterns of the corresponding proteome with 
the help of bioinformatics.["l Proteome analysis can only be 
used to its full potential in association with other areas of 
bioscience such as molecular biology, genetics, immunology, 
and medicine (Figure 12). At the present time proteome 
analysis is in statu nascendi; the methods are still immature, 
but are being developed at astonishing speed at all levels. 
Attempts are being made to improve or replace the only 
currently successful method, 2D gel electrophoresis, and 

3.6.3. Analysis of Posttranslational Modifications 

An important area of proteome analysis is the analysis of 
posttranslational modifications, which have a considerable 
effect on the functions and properties of a protein. Since this 
detailed protein analysis is cumbersome and tedious, only 
proteins for which there is an indication of posttranslational 

Figure 12. Proteome analysis in the context of different areas of bio- 
science. 2DE = two-dimensional electrophoresis. 
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quantification is gaining increasing significance with automa- 
tion. new detection procedures, and the entry of bioinformat- 
ics. The identification and characterization of the separated 
proteins is most advanced. It is almost routine for proteins 
from organisms with totally sequenced genomes, although 
there is still room for improvement in terms of throughput and 
sensitivity. The recognition and localization of posttransla- 
tional modifications in high-throughput procedures will be the 
next stage in the development. Proteome analysis of organ- 
isms with incompletely established genomes is currently so 
difficult that in the immediate future it will remain restricted 
to special problems. 

Since proteome analysis can be applied to a large number of 
complex questions, it is surely only a matter of time and 
financial investment before the first large practice-oriented 
proteome projects are started. The first realization of a 
comprehensive proteome project will certainly only be 
possible by a combination of the different and only partly 
available techniques with simultaneous massive automation 
and further development at all levels of proteome analysis; 
the development of new technologies is also foreseen. The 
large expenditure for instrumentation and the expertise 
required for a proteome analysis makes it likely that large 
proteome projects will only be carried out in specialized 
centers, the first of which are currently being developed. 

The correlation of the proteome with mRNA expression 
(transcriptome) will be especially interesting since the two 
processes are regulated at quite different levels. The flow and 
changes in metabolic products and small molecules (the 
metabolome/fluxosome/physiome-the name has not yet 
been finally assigned), which have diverse feedback mecha- 
nisms to the transcriptome and the proteome. will also be 
more closely investigated in the future. Finally, insights into 
the interrelationship of genome, transcriptome, proteome, 
and metabolome will surely bring new knowledge of bio- 
logically relevant and very complex interconnected mecha- 
nisms of living organisms. 
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9 Diagnosis of cellular states of microbial organisms 
using proteomics 

Two-dimensional (2-D) polyacrylamide gel electrophoresis has much to contribute to 
experimental analysis of the proteomes of microbial organisms, since this method sep- 
arates most cellular proteins and allows synthesis rates to be determined quantita- 
tively. Databases generated using 2-D gels can grow to be very large from even just a 
few experiments, since each sample provides the data for a field (or column) in the 
database for several hundreds to even thousands of records (or rows), each of which 
represents a single polypeptide species. The value of such databases for generating 
an encyclopedia of how each of the cell's proteins behave in different conditions (pro- 
tein phenotypes) has been recognized for some time. The potential exists, however, to 
glean even more valuable information from such databases. Because the measure- 
ments of each protein are made in the context of all other proteins, a comprehensive 
glimpse of the cell's physiological state is theoretically achievable with each 2-D gel. 
By examining enough conditions (and 2-D gels), expression patterns of subsets of pro- 
teins (proteomic signatures) can be found that correlate with the cell's state. This type 
of information can provide a unique contribution to proteomic analysis, and should be a 
major focus of such analyses. 

Keywords: Two-dimensional polyactylamide gel electrophoresis / Physiology / Escherichia coli / 
Bacteria / Review 
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1 introduction 

For many microorganisms, research studies are now in 
the postgenomic era. Their DNA sequences are known 
and have been analyzed with several computational tools 
to extract theoretical information. Beyond this rather static 
description of the cell are the dynamic "transcriptome" 
and "proteomic" analyses, often referred to as functional 
genomic studies. Transcriptome refers to the transcript 
(mRNA) profile in the cell 111. Proteomics deals with the 
variations in translation (protein) activity in the cell. Prior 
to 1975 cellular proteins were studied as individual pro- 
teins with biochemical methods, or as bulk cellular protein 
(e.g., the total quantity of cell protein, or its total rate of 
synthesis) by chemical or radiochemical methods. In 
1975 two-dimensional (2-D) polyacrylamide gel electro- 
phoresis was introduced as a method to separate com- 
plex mixtures of cellular protein into individual polypep- 
tides (21. This method is useful for studying a cell's protein 
architecture, namely, the amount and subcellular location 
of individual proteins [3], but has also been used in many 
studies to examine changes in protein expression in re- 
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sponse to a stimulus [4], or to identify target genes of reg- 
ulatory proteins [5]. In all of these applications, 2-D gels 
are useful both to find proteins of interest and to isolate 
them. These applications have made, and will continue to 
make, contributions to our understanding of how proteins 
function in the cell. It should be recognized that these 
applications of 2-D gels, while employing a global 
approach, yield information that is basically reductionist in 
nature. In contrast, this article describes how proteomics 
can be used to provide information of a highly integrative 
nature, specifically, to depict the physiological state of the 
cell. 

The outlook of this application of proteomics is so global 
that the identity and function of the proteins that provide 
the diagnostic clues, while helpful, need not be known. 
The underlying concept is to find proteins that respond 
specifically and uniquely to particular states of the cell, 
that is, to certain fundamental metabolic conditions such 
as energy sufficiency, redox state, building block supply, 
translational capacity, envelope integrity, protonmotive 
force, and chromosome copy. Each such set of proteins, 
termed a proteomic signature, relates to the current work- 
ing status of a particular core metabolic process. The 
physiological state of the cell in a particular circumstance 
is read from the ensemble of the proteomic signatures 
displayed. Naturally, the trick is to discern what specific 
signatures are represented within the complete protein 
expression profile, and to have a table that relates these 
signatures to their cognate cellular functions. Progress in 
this field will rely on the construction of this table of corre- 
spondences, linking signatures to core cellular functions. 
This task will require much data gathering on the 
responses of cells to different stimuli, and the thoughtful 
analysis of these data in the light of current biochemical 
and genetic information about the cell and its growth re- 
sponse. The goal of this publication is to illustrate some 
correlations between protein expression and physiology 
that have already been established in Escherichia coli. 
Although the examples used here have been recognized 
by manual image searching methods, the hope is that as 
more investigators use proteomics to find these correla- 
tions, better tools for discovery and analysis will be devel- 
oped. 

2 Definitions 

In 1994, nearly twenty years after 2-D gel methodology 
was first introduced, the term proteome was introduced to 
align the work being done on complex mixtures of pro- 
teins with genomics [6]. Many derivations of the word pro- 
teome have been suggested and are useful to describe 
the analysis of proteomes. The following words and 
phrases will be used throughout this presentation and are 
defined below. 

The proteome of an organism is the complete set of pro- 
teins that it can produce. To date no proteome (other than 
viral) has been unambiguously determined, but many 
have been predicted from the genome sequence. For 
example, a proteome predicted by Blattner [7] for E. coli 
MG1655 consists of 4405 proteins. This proteome can be 
displayed in the manner shown in Fig. 1. This view shows 
the range of pland M, values for the proteins of an organ- 
ism and therefore can help in deciding what the appropri- 
ate 2-0 gel composition is to optimally separate the 
organism's proteins. Further, this manner of displaying an 
organism's proteome can reveal interesting characteris- 
tics. For example, proteomes appear to have a bimodal 
isoelectric distribution, probably related to a relationship 
between the p l  of proteins and the intracellular pH of the 
cell (A. Persemlidis, R. VanBogelen, unpublished obser- 
vations). 

Proteomics is the study of the proteome of cells, tissues, 
or organisms including the interaction of the proteome 
with the environment. 

Protein expression profile is the quantitative catalog of 
proteins made by cells under a given circumstance. For 
example, each 2-D gel or set of 2-D gels run from a single 
sample reveals most of a particular protein expression 
profile. Obtaining a complete protein expression profile is 

2 4 6 8 10 12 14 

CALCULATED pl 

Figure 1. Graphical representation of a proteome. This 
figure plots the predicted isoelectric point (pl) versus the 
predicted molecular mass (M,) of predicted open reading 
frames for E. coli. The p l  and M, of 4405 ORFs were pre- 
dicted using the Compute pl/M, in ExPAsy (http://www.ex- 
pasy.ch/ch2-D/pi-tool.html). Each dot represents a pro- 
tein. No post-translational modifications are represented 
in this figure. This display of E. coli, H. influenzae, M. gen- 
italiurn, M. pneurnoniase, M. jannaschii and Synechocys- 
tis sp. was previously published [20, 24-26]. 
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each protein. For example, a protein could be considered 
responsive based on its qualitative change (absence or 
presence) or its quantitative change. Another type of 
assessment involves relationship changes. The abun- 
dance ratio between two proteins in a single protein 
expression profile or between two subunits of a single 
protein might change in a characteristic manner (see Sec- 
tion 4.1 and 4.2). 

not technically possible at this time due to difficulties 
associated with protein solubility, extreme p l  and low 
abundance. 

Protein phenotype is the character or state of a specific 
protein in a defined condition and point in time. This term 
was introduced by J. Klose [El. Information in the pheno- 
type of a protein includes: the amount, the rate of synthe- 
sis, the rate of degradation, the extent of post-transla- 
tional modification, and the activity of the protein. For 
example, the protein phenotype of alkaline phosphatase 
in E. coli includes all of this information about the protein 
for each growth condition of the cell. Protein phenotypes 
can include data from many sources. The most compre- 
hensive collection of protein phenotypic data for one 
organism has been compiled by Garrels eta/.  [9] for Sac- 
charomyces cerevisiae. 

Regulon is a set of proteins whose synthesis is regulated 
by the same regulatory protein [lo]. Genetic analysis has 
been the classical way to find and study regulons, but pro- 
teomics can be used to help find members of regulons. 
For example, comparing the protein expression profiles of 
wild-type and mutant strains can reveal proteins with the 
expression characteristics of a regulon member [5, 111. 

Stimulon is a set of proteins whose amount or synthesis 
rate changes in response to a single stimulus [lo]. Sev- 
eral stimulons have been described. They can range in 
size from a handful of proteins to nearly half of the pro- 
teins found in a cell. A stimulon may consist of several 
regulons. 

Proteomic signature is the subset of proteins whose alter- 
ation in expression is characteristic of a response to a 
defined condition or genetic change. Signatures often 
relate to specific pathways or functions. There can be 
several signatures within a protein expression profile and, 
therefore, proteomic signatures cannot be recognized 
simply by comparing two protein expression profiles. Sig- 
natures are recognized after analyzing numerous profiles 
of samples from related and unrelated conditions. Signa- 
tures can be a single protein or a large set of proteins. 
Several examples of proteomic signatures will be de- 
scribed in Section 4. 

3 The use of protein expression profiles 

Correlating protein expression with cell physiology entails 
the comparison of protein expression profiles. Table 1 
lists steps in this process. Completion of these steps pro- 
vides the information helpful in finding protein pheno- 
types, stimulons, regulons, and proteomic signatures. 
Much of the assessment in finding these characteristics 
deals with the changes in the quantity or synthesis rate of 

Protein phenotypes, stimulons, regulons, and proteomic 
signatures can and have been found using simple image 
analysis methods (gel gazing) as well as by using com- 
prehensive computer-assisted image analysis systems. 
The depth of the analysis should be consistent with the 
goals of the project. A comprehensive analysis of every 
protein induced or repressed 1.Bfold in one condition 
compared to another may be excessive if the goal is to 
find a protein marker for a survey or screen. On the other 
hand, such a comprehensive analysis would be justified if 
the goals were to identify all the proteins controlled by a 
certain regulatory protein. The goals also help to define 
what information is important for the project. In some 
cases the goal is to define additional phenotypes of a par- 
ticular protein. In other cases, stimulons and regulons 
need to be identified to help reveal the signature(s) that 
will provide the necessary information to understand a 
cell's reaction to a stimulus. 

Additional phenotypes of a protein are unveiled each time 
new observations are made. Even if a protein has not yet 
been linked to a gene, the protein's phenotype can reveal 
information about the protein. For example, in a pair of 
studies done in the late 1970s, proteins were grouped by 
their phenotypes according to their expression in different 
growth media and at different growth temperatures [12, 
131. At the time of publication few of these proteins were 
identified, but a generalized function could be assigned 
based on their phenotypes. (Note that the spot names 
used in these publications are still in use in the E. coli 
gene-protein database [14]). Examples of a few interest- 
ing protein phenotypes found using proteomics are de- 
scribed in Section 4. 

Stimulons are directly identified using protein expression 
profiles. Comparing the protein expression profile of a 
control condition with that seen in a test condition will 
reveal the stimulon for the test condition. Inclusion of pro- 
teins in the stimulon will depend on the sophistication of 
the analysis. In a series of qualitative studies done on 
Vibrio in the 198Os, several stimulons were identified and 
related to potential function for the cell [4]. In this study 
not a single protein was identified as the product of a spe- 
cific gene, and yet much physiological data and informa- 
tion was obtained. 
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Table 1. Steps in Proteome Analysis 

Steps Description 

1 
2 

3 

4 

5 

6 

7 
8 

9 

10 

11 
12 

13 

14 

15 

16 
17 

Identify project goals 
Establish knowledge base of 
physiology and cell biology 
Predict the theoretical proteome 

Prepare samples 

Produce high quality 2-D gels 

Detect proteins 

Acquire images 
Perform visual exam of gels 
“gel gazing” 

Analyze images 

Determine data statistics (average 
%SE, fold changes, distribution 
curves, pie charts) 
Verify data (reexamine 2-0 gels) 
Match to reference set (links to 
pervious experiments) 
Identify proteins 

Compare stimulons (clustering, 
neural networks, decision trees, etc.) 
Identify proteomic signatures 
(results of above and human input) 
Visualize data 
Integrate information into a 
systems analysis model 

Examine variables such as required nutrients, optimal temperature, 
and growth rate 
Using DNA sequence data, predict open reading frames (ORFs), 
predict p l  and M, of the expected gene products of the genome, 
and predict possible regulons or stimulons 
Release, fractionate and/or solubilize proteins from the cells into buffers 
compatible with 2-D gels 
Run the first dimension to separate proteins by their pl, run the second 
dimension to separate proteins by their M, 
Use stains (coomassie blue, silver or fluorescent) to visualize 
non-radioactive proteins, use films or phosphorimager screens to 
visualize radioactively labeled proteins 
Transfer gel images to a computer via a scanner or camera 
Use the human eye to look for changes between conditions, 
determine if there are enough significant changes to proceed with 
computer-assisted analysis 
Find spots, edit spot finding, assign anchors between images, 
match images, edit match, transfer data to tables for further editing 
Determine %standard error between spots on duplicate gels, look at 
proteins that change 2-fold or more, use distribution curves and pie 
charts to look at general trends in the entire population of proteins 
Verify that the data in tables agrees with the spots seen on the 2-D gels 
Match 2-D gels to a reference image containing other data and protein 
identifications 
Excise protein spots from a gel, digest them with trypsin and run them 
on MALDI-MS (to determine a mass fingerprint) and ES-MSIMS 
(to determine a fragmentation sequence) 
Study populations of data 

Use knowledge of the effect of the treatment on the cells to link protein 
phenotypes, stimulons, and regulons 
Devise simple visual presentation of complex data sets 
Build and refine mathematical models of cell function using data from 
protein expression profiles 

Regulons are usually identified in one of two ways: (i) 
using strains in which the gene for the regulatory protein 
is mutated; and (ii) examining the response to multiple 
conditions if a regulon is thought to be the sole intersec- 
tion of the responses. The heat shock regulon was first 
identified using protein expression profiles [5]. In this 
case, a mutant strain revealed the regulon set by compar- 
ing the protein expression profile of the parent and mutant 
strain after the mutant had been shifted to a nonpermis- 
sive temperature. In a recent study, potential members of 
the Pho regulon in E. coli were quantitatively identified by 
comparing three stimulons: early phosphate starvation, 
late phosphate starvation, and phosphorus restriction 
[15]. The intersection of these three stimulons, which con- 
tains about 150 proteins, is predicted to include members 

of the Pho regulon. For eight of the proteins, a promoter 
sequence similar to the consensus sequence for binding 
of the regulator, PhoB, was found upstream of the gene 
that encoded the protein. Most of the other 150 proteins 
have not yet been identified. 

Proteomic signature is a new term presented in this publi- 
cation. Although the term is new, we have been identify- 
ing proteomic signatures for over twenty years. Section 4 
describes some of the E. coli proteomic signatures we 
have found. Much of the current effort with the ECO2D- 
BASE database is designed around generating the data 
to identify proteomic signatures related to as many phys- 
iological states of the cell as possible. The goal is to use 
these proteomic signatures to diagnose the physiological 
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of modification level of this ribosomal protein as a function 
of growth rate has yet been determined. These two spots 
on a 2-D gel are identified, but their identity and even their 
function (known to date) do not help in the understanding 
of why they can be used as a proteomic phenotype for 
growth rate. Nonetheless, the L7/L12 ratio is so highly 
correlated with growth rate that it can serve as a surro- 
gate measure to obtain a crude indication of the growth 
rate. 

state of the cell when the target of a stimulus or function 
of a mutant protein is unknown. To date, we have used 
manual methods for finding signatures, but it is expected 
that more signatures can be found within these same data 
sets through the use of more comprehensive, machine- 
based tools. Computational tools such as heuristic clus- 
tering and neural networks have been used by other disci- 
plines to scan large data sets for information, and hope- 
fully some of these same tools will be used to study the 
large data sets that are generated by proteomics. 

4 Examples of protein phenotypes and 
proteomic signatures 

Studies of the protein expression profiles of f. coli over 
the past twenty-five years have defined fairly comprehen- 
sive phenotypes of many proteins. The phenotypes of 
RplL, MetE, and PhoE are described in this section. The 
same work has identified many important signatures of 
physiological states; some involve only a single protein, 
others are more complex. Although in many of the exam- 
ples described below, the identity and often a function of 
the protein is known, in almost all cases, this information 
does not contribute to the use of the protein to diagnose 
cellular states and in most cases does not help us to 
understand the cell's response. 

4.1 Protein phenotype for RplL 

The protein phenotype of the ribosomal protein RplL is 
similar to that of other ribosomal proteins in that the 
amount of the protein (the modified and unmodified forms 
combined) varies coordinately with the other ribosomal 
proteins as the growth rate varies, but is more complex 
due to a post-translational modification that occurs. The 
amounts of the modified, L7, and unmodified, L12, forms 
of this protein do not follow coordinately with other riboso- 
mal proteins [12]. The protein phenotypes of RplL provide 
useful information about this protein and about the cell's 
ribosome, but perhaps the phenotypes are most useful as 
part of the proteomic signature described in the next para- 
graph. 

4.2 Proteomic signature for growth rate 

The protein phenotype of ribosomal protein RplL de- 
scribed above has been recognized as a proteomic signa- 
ture for growth rate. The ratio of L7 to L12 varies with 
growth rate as shown in Fig. 2. This figure shows the 
results of a study in which the amount of these two pro- 
teins (A013.0 and 8013.0 in EC02DBASE [14]) was 
determined in cultures growing with different carbon sour- 
ces [12]. No biological function for controlling the degree 

This proteomic signature is not useful for general assess- 
ment of the growth rate in laboratory studies where 
growth rate can be measured by more traditional methods 
(spectrophotometer). Two obvious applications are, first, 
as an internal monitor, and second, in cases where tradi- 
tional methods cannot be applied. An example of the first 
application is in a bioreactor or chemostat. Under these 
conditions, overall growth of the culture can be monitored 
with a spectrophotometer; however, the growth rate of the 
active population is not known. An example of the second 
application has been previously published to estimate the 
growth rate of Salmonella growing in macrophages [16]. 
The Salmonella typhimurium homolog of rplL has a very 
similar protein phenotype and also provides a proteomic 
signature for growth rate [16]. In this study, macrophage 
cells were infected with Salmonella, and cellular proteins 
were radioactively labeled with [35S]methionine (only met- 
abolically active cells take up the [35S]methionine and 
incorporate it into newly synthesized protein). The cellular 
extracts were then run on 2-D gels and the ratio of L7/L12 
was determined. This ratio predicted a much faster 
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Figure 2. The proteomic signature for growth rate. This 
figure plots the growth rate of E. coli versus the ratio of 
the amount of ribosomal protein L7 and ribosomal protein 
L12. The growth rate was varied due to growth in different 
carbon sources. The data are published [12]. 
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growth rate than a measurement based on the number of 
viable Salmonella extracted from the macrophage cells. 
Which measurement is the accurate reflection of the 
growth of Salmonella in macrophage cells? Another study 
using ampicillin and chloramphenicol to determine the 
number of bacteria actively growing suggested that there 
were two populations of cells in the macrophage, one 
static and the other actively growing, thereby confirming 
the prediction based on the L7/L12 ratio. 

4.3 Protein phenotype for MetE 
The product of the met€ gene, FO88.0 in ECOPDBASE 
[14], is the enzyme 5-methyltetrahydropteroyltrigluta- 
mate-homocysteine methyltransferase. It has an unusual 
phenotype. Although all of the enzymes in the methionine 
biosynthetic pathway are expressed during growth in the 
absence of methionine and repressed in its presence, the 
amount of MetE in media without methionine is extraordi- 
narily high in comparison to the other enzymes in this bio- 
synthetic pathway. The phenotype of MetE is not under- 
stood but one possibility is that it is a bifunctional enzyme. 

4.4 Proteomic signature for the availability of 

The MetE protein phenotype has been found to be a use- 
ful proteomic signature. This example also illustrates that 
the identity and known function of the protein does not 
provide further information into the cell's physiology. How 
is this high expression level of MetE useful as a diagnos- 
tic indicator? If an experiment is designed to have a long- 
term labeling with [35S]methionine, then the specific activ- 
ity of the [35S]methionine is lowered (by supplementing 
with unlabeled methionine) to ensure that incorporation 
continues throughout the labeling period. If the MetE pro- 
tein in the resulting 2-D gels was undetectable, then the 
labeling protocol was successful (rnethionine was availa- 
ble throughout the labeling). However, if MetE expression 
was high, it was apparent that the culture had run out of 
methionine during the labeling period. The resulting pro- 
tein expression profile, therefore, would not be an accu- 
rate reflection of steady state growth. 

methionine 

4.5 Proteins with distinctive temperature 

There are three known distinctive sets of proteins that 
show unique temperature phenotypes. The first set is 
made up of three E. coli proteins which seem to behave 
as cellular thermometers (G027.2, D074.0 and G044.0; 
G044.0 has been identified as tyrosinyl-tRNA synthe- 
tase). The amounts of these proteins change in cultures 
grown at different temperatures (except in the range from 
23OC to 37OC) [13]. The second set contains proteins that 

phenotypes 

have been identified as being highly inducted at the ex- 
tremes of growth temperature. G029.7 is induced greater 
than 10-fold at 13.5OC relative to 37OC; and A165.0 is 
induced greater than 1 0-fold at 46OC compared to 37OC. 
A third set of proteins with distinctive temperature pheno- 
types consists of the heat shock and cold shock proteins. 
Their synthesis rate is known to dramatically increase 
after shifts to temperatures outside the linear portion of 
the Arrhenius plot [5]. Their amounts also increase to 
varying degrees at the temperature extremes. However, 
both the synthesis rate and amount of these proteins 
respond to stimuli other than just heat and cold. In fact, 
these other phenotypic characteristics are used as signa- 
tures described in Section 4.7 and 4.8. 

4.6 Proteomlc signature for growth 

The temperature range for growth of €. coli is from 8OC to 
48OC. An Arrhenius plot of the growth temperature versus 
the growth rate shows that in the range 23'C to 37OC the 
logarithm of growth rate varies linearly with the reciprocal 
of the absolute temperature as happens for some simple 
chemical reactions [13]. Over this linear range the quanti- 
ties of most proteins stay constant, providing no clear pro- 
teomic signature to distinguish between 23 and 37OC. 
However, there are proteomic signatures for the tempera- 
ture extremes. These consist of the first two sets of pro- 
teins (G027.2, D074.0, G044.0, G029.7 and A165.0) de- 
scribed in the previous section. The amounts of some 
heat and cold shock proteins do increase at the tempera- 
ture extremes. However, these proteins are also known to 
be induced by other stress conditions that interfere with 
their usefulness as indicators of the growth temperature 
(see Section 4.7 and 4.8). Nonetheless, because most 
organisms have HSPGO and HSP70 homologies, they 
can be used to predict whether an organism is growing 
above its "normal" range of growth. For example, exami- 
nation of 2-D gels of cultures of Legionella that were 
grown at 37OC revealed two proteins with approximate 
masses of 60 and 70 KDa that were among the most 
abundant proteins detected (VanBogelen, unpublished 
observation). Based on gel location these proteins are 
most likely the heat shock proteins HSPGO and HSP70. 
Because the normal host for Legionella is the amoebae, 
the normal temperature range for Legionella is probably 
much lower than for E. coli. The high quantity of the 
HSPGO and HSP70 is consistent with 3PC being a high 
temperature for Legionella. 

temperature 

4.7 Proteomic signature for ribosome 

The heat and cold shock proteins also provide a proteo- 
mic signature for ribosome function. Antibiotics that target 

functionality 
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Table 2. Proteins that contribute to the proteomic signatures for growth temperature, ribosome func- 
tion and protein secretion 

High Low Heat shock-like Cold shock-like Protein 
temperature temperature ribosome ribosome secretion 

Proteina) dysfunction dysfunction dysfunction 

G027.2 
D074.0 
G044.0 
G029.7 
A165.0 
8025.3 
8056.5 
B066.0 
C014.7 
C015.4 
C062.5 
D033.4 
D048.5 
D060.5 
E072.0 
FO10.1 
F021.5 
F084.1 
G013.5 
GO21 .O 
H094.0 
6065.0 
A01 3.0 
8013.0 
8046.5 
B061 .O 
C039.3 
C070.0 
C078.0 
F010.6 
F014.7 
F084.0 
FO99.0 
F119.0 
G041.2 
G055.0 
G074.0 
G117.0 
C015.3 
E042.0 
D084.0 
C031.6 
8038.1 
B040.4 
A040.0 
F040.9 

TyrS 

GrpE 
GroL 
DnaK 
lbpB 
GroS 
HtpG 
HtpH 
Htpl 
LysU 
ClpB 
HtpK 
ClpP 
ClpB 
lbpA 
HtpO 
Lon 

RpsA 
RplL 
RplL 

NusA 
RecA 
AceF 
PnP 

CspA 
H-NS 
PPC 

AceE 
lnfB 

PflB 
infB 

RpsF 
TufA 
FusA 
Tsf 

PhoE-pre 
OmpF-pre 
OmpC-pre 
Male-pre 

Decreaseb) Increaseb) 
Decrease Increase 

Decrease 
Increase 

Increase 
Increase 

Increase Increase 
Increase Increase 

Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Decrease 
Decrease 
Decrease 

Decrease 
Decrease 
Decrease 
Decrease 

Decrease 
Decrease 
Decrease 
Decrease 
Decrease 
Decrease 
Decrease 
Decrease 
Decrease 
Decrease 
Decrease 
Decrease 
Decrease 
Decrease 
Decrease 
Decrease 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 
Increase 

Increase 
increase 
increase 
increase 
Increase 
Increase 

Increase 

Increase 

Increase 
Increase 
Increase 
Increase 

a) The EC02DBASE spot name (alpha-numeric) is listed in the first column and the name of the 

b) Increase and decrease indicate the direction of change in the level or synthesis rate of protein by 
gene is used as the protein name in the second column. 

stimuli that have the indicated proteomic signature(s). 
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the ribosome induce either the heat shock proteins (spe- 
cifically the sigma-32 regulated proteins) or the cold 
shock proteins [17]. The antibiotics streptomycin, puromy- 
cin, and kanamycin induce the heat shock proteins 
(HSPs) in a concentration-dependent manner. The higher 
the concentration of antibiotics used, the greater the 
induction of the HSPs. Some proteins induced by heat 
shock that are not regulated by sigma-32 were not 
induced by the antibiotics. Thus, it appears that the 
sigma-32 regulon contributes to the heat shock signa- 
tures, but not exclusively (see Table 2). In wild-type 
strains (for the relA gene), a heat shock also causes the 
cells to go into a stringent mode of gene regulation. 
Chemically, the stringent response is triggered by an 
increase in the amount of ppGpp [la]. Transcriptionally, it 
is seen as a downregulation of numerous genes, includ- 
ing the genes encoding ribosomal RNAs and translation 
proteins, that leads to a decrease in the amount of riboso- 
mal proteins and translation factors. This proteomic sig- 
nature for the stringent response is seen also with this set 
of antibiotics. Therefore, two signatures are evoked by 
these antibiotics: the sigma-32 regulon signature, and the 
stringent signature. 

Other antibiotics, namely tetracycline, chloramphenicol, 
erythromycin, fusidic acid, and spiramycin, elicit a cellular 
response similar to the response induced by a shift to a 
cold temperature (below 23’C for E. coli; see Table 2). 
This response includes: (i) induction of a set of proteins 
called cold shock proteins; (ii) repression of the heat 
shock proteins; (iii) induction of ribosomal proteins 
(the proteomic signature for the “relaxed state); and 
(iv) repression of many other proteins (with clustering 
algorithms this general set of repressed proteins might 
become recognized as a defined signature). Although the 
specific regulons for this cold shock response have not 
been determined, the current descriptions of the signa- 
tures for these antibiotics and for cold shock include: (i) 
the cold shock protein signature; (ii) the repressed heat 
shock protein signature; and (iii) the relaxed signature. 

4.8 Proteomic signatures for dysfunction of 

Blockage of protein secretion generates three proteomic 
signatures (see Table 2) (unpublished observations R. A. 
VanBogelen and E. R. Olson, manuscript in preparation). 
First, a subset of the heat shock proteins are induced 
(see Table 2); second, PspA is induced (see Fig. 3); and 
third, the precursor forms of secreted proteins can be 
detected by pulse-chase labeling of the culture after 
secretion is inhibited (see Fig. 3). The presence of these 
three signatures in the same protein expression profile 
predicts that protein secretion is dysfunctional. 

protein secretion 

4.9 Proteomic signature for phosphorus source 
The preferred phosphorus source for E. coli is inorganic 
phosphate, but E. coli can use alternative phosphorus 
sources, largely due to the induction of proteins in the Pho 
regulon [19]. Using genetic methods, about 30 genes have 
been identified as members of this regulon [19]. PhoA 
(alkaline phosphatase) has been the classic gene product 
used for genetic studies for two reasons: (i) transcription of 
phoA is induced greater than 1000-fold in response to 
phosphorus limitation and (ii) alkaline phosphatase activity 
can be easily measured with a colorimetric assay. Using 
proteomics, about 150 proteins appear to belong to this 
regulon [ 1.51. This includes 19 proteins that are repressed 
(no repressed genes had previously been identified as 
members of this regulon). A complete signature for phos- 
phorus restriction includes all of these proteins, yet PhoE 
alone appears to be a sufficient indicator that the Pho regu- 
Ion is either activated or deregulated. This protein is not 
detectable when inorganic phosphate is present in the 
medium and when the cells have functioning PhoRlPhoB 
proteins [19]. If the medium is depleted of inorganic phos- 
phate, if the cells are using an alternate phosphorus 
source, or if the PhoR protein is inactivated (201, then the 
PhoE protein is the most visually obvious indicator. 

The phosphorus restriction signature was used in a study 
designed to find chemical inhibitors of histidine kinases 
[20]. In partnership with other proteins, histidine kinases 
are found in two-component regulatory systems. Bacterial 
genomes encode many of these two-component regula- 
tors which control systems for adaptation, virulence, etc. 
[21]. PhoR is the histidine kinase involved in regulating 
the Pho regulon, which includes phoE (PhoB is the sec- 
ond component, the response regulator, that works with 
PhoR). Compounds were initially identified using a puri- 
fied histidine kinase (NRII) and the activity of the histidine 
kinase was monitored by its ability to autophosphorylate. 
Validation of the active compounds was difficult. For 
example, alkaline phosphatase assays were not useful 
because looking for loss of activity in a cell that already 
contained alkaline phosphatase prior to the addition of the 
compound could at most reveal a 50% decrease in activ- 
ity per generation. However, a cell that can no longer 
maintain an induced quantity of the Pho regulon will not 
grow in media containing a phosphorus source other than 
inorganic phosphate. Growth inhibition alone was also 
insufficient to validate the target because of the possibility 
of inactivating some other target unrelated to the Pho reg- 
ulon. The Pho regulon proteomic signature, however, was 
an effective validation test. By measuring rates of synthe- 
sis of proteins after addition of the compound, both the 
inactivation of the phosphatase and histidine kinase activ- 
ity of PhoR were monitored via the synthesis of PhoE 
[201. 
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revealed specific signatures (E. E. Schiller and VanBoge- 
len, manuscript in preparation). Twenty-two proteins were 
found (by visual examination of 2-D gels) that can serve 
as indicators to separate these six agents into four 
groups. A more comprehensive analysis of all proteins 
detectable on these images is in progress and will further 
define these different signatures. These signatures have 
been successfully used to distinguish the mechanism of 
action of novel compounds that are all known to induce 
the SOS regulon (E. E. Schiller and R. A. VanBogelen). 
Because some of these targets are unique to microbial 
organisms while some are found in all living things, these 
signatures help ensure that compounds that could have 
detrimental effects on mammals are recognized early on 
in pharmaceutical development. 

4.10 Predictions of chromosome functionality 

Chromosomal DNA serves two major functions in cells: it 
serves as both the template for replication and the tem- 
plate for transcription. There are many cellular activities 
(such as DNA repair and chromosome segregation) that 
ensure that the chromosome is properly maintained so 
that it can provide these basic functions [22]. The protein 
phenotype for one cellular protein, RecA, includes an 
induced state in all conditions that are known to have a 
compromised chromosome structure or function [23]. Fig- 
ure 4 shows the induction of RecA protein in cultures 
treated with six different chemicals. While this protein can 
be used as an initial indicator of loss of chromosome func- 
tion, closer examination of these six conditions have 

Figure 3. Proteomic signatures for protein secretion. The protein expression profiles (2-D gels) shown in this figure rep- 
resent the profiles seen with agents or conditions known to block protein secretion (e.g., sodium azide, carbonyl cyanide 
mchlorophenylhydrazone). (A) and (8) display the entire 2-D gels for both (A) the control and (B) the treated cells. (C) Con- 
trol and (D) treated cells show the precursor and mature forms of three outer membrane porin proteins (OmpF, OmpC and 
PhoE). (E) Control and (F) treated cells display the induction of the PspA protein. These 2-D gels were run on the Investiga- 
tor system (Genomic Solutions) with pH 4-8 Ampholines in the first dimension and 11.5% duracryl in the second dimen- 
sion. The samples were from 35S-labeled proteins of E. coli. 
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Figure 4. Induction of RecA protein by agents that affect chromosome function or structure. This 
figure displays a small section of 2-D gels (run as described in Fig. 3) showing the RecA protein. (A) 
Control sample; (B) sample treated with nalidixic acid; (C) sample treated with novobiocin; (D) sample 
treated with 9-aminoacridine; (E) sample treated with ciprofloxacin; (F) sample treated with mitomycin 
c; and (G) sample treated with coumermycin. The RecA protein is indicated in the white box. 

5 Discussion 

The examples presented in the previous section illustrate 
how one can organize the extensive information con- 
tained in the protein expression profiles of microbial (and 
other) cells under various conditions. Protein phenotypes 
display the key physiological, biochemical, regulatory, 
and architectural features of each cellular protein. These 
features include not only the individual properties and 
activities of each protein taken singly, but also the manner 
in which its function is integrated with that of other pro- 
teins in the cell. Proteomic signatures specify the key pro- 
tein components of unique physiological states brought 
on by specified environmental agents or genetic states. 
Thus, signatures provide useful information for diagnos- 
ing the physiological state (e.g., hunger for nitrogen, oxi- 
dative toxicity, DNA damage, etc.) of cells in a given envi- 
ronmental and genetic circumstance. Together, 
phenotypes and signatures provide the microbial physiol- 
ogist with powerful proteomic tools with which to solve the 
biological function of unknown proteins, to discover the 
mode of action of unstudied physical and chemical 
agents, and to approach modeling the integrated work- 
ings of the intact cell. 
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Candida albicans pathogenicity: A proteomic 
perspective 
Candida albicans is an opportunistic fungus which causes. both superficial infections 
and life-threatening systemic candidiasis in immunocompromised hosts such as 
AIDS patients, people with cancer, or other immunosuppressed individuals. Viru- 
lence factors for this fungus include the ability to adhere to host tissues, production 
of tissue damaging secreted enzymes, and changes in morphological form that may 
enhance tissue penetration and avoidance of immune surveillance. Treatment of 
candidiasis patients is hampered by a limited choice of antifungal agents and the 
appearance of clinical isolates resistant to azole drugs. Proteome analysis involves 
the separation and isolation of proteins by two-dimensional gel electrophoresis and 
their identification and characterization by mass spectrometry. The systematic appli- 
cation of this methodology to C. albicans is in its infancy, but is progressing rapidly. 
Comparing protein profiles between avirulent and virulent C. albicans strains, be- 
tween drug-sensitive and -resistant strains, or between different morphological 
forms, could identify key control and effector proteins. There are difficulties, how- 
ever, associated with the display of low abundance and cell envelope-associated 
proteins and the choice of conditions for obtaining suitable C. albicans cells. This 
article describes the potential of applying proteome analysis to C. albicans in order 
to better understand pathogenicity and identify new antifungal targets. 
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1 Introduction 

Candida albicans is a commensal fungus that can be a 
component of the microbial floras of the oral cavity, gas- 
trointestinal tract or vagina. Not all people carry C. albi- 

Correspondence: Dr. Masakazu Niimi, Molecular Microbiology 
Laboratory, Department of Oral Sciences and Orthodontics, 
School of Dentistry, University of Otago, PO Box 647, Dunedin, 
New Zealand 
E-mall: masa.niimi@stonebow.otago.ac.nz 
Fax: +64-3-479-0673 

cans, and colonization is not always continuous; the car- 
riage rate varies from 1.0-80.6%, depending on the 
population surveyed [l]. Multiplication of the organism is 
normally kept in check through physical barriers such as 
the skin, by competition with the endogenous microflora, 
and through host defense mechanisms. Under conditions 
of host immune suppression, however, or when natural 
barriers to infection are degraded, colonizing C. albicans 
can give rise to opportunistic infections (2, 31. These 
infections can be superficial, involving the mucous mem- 
branes, or can be hematogenously disseminated, result- 
ing in systemic disease which has a high associated mor- 
tality rate [l]. Oropharyngeal and esophageal candidiasis 
are infections that frequently affect HIV positive individu- 
als and AIDS patients [4]. Other people with severely 
compromised immune systems, such as cancer patients 
or organ transplant recipients, represent additional groups 
at risk of serious Candida infections [5]. Debilitated sur- 
gery patients are the most likely candidates for dissemi- 
nated disease, especially when indwelling catheters are 
used. C. albicans still accounts for about 60% of dissemi- 
nated infections, but there is a rising tide of strictly oppor- 
tunistic infections caused by other fungi, including non- 
albicans Candida species, Aspergillus, Cryptococcus and 
Pneumocystis. 
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gies such as gene cloning, genetic transformation with 
plasmids and gene disruption by homologous recombina- 
tion, has allowed the genetic description of many interest- 
ing biological and pathological properties of C. albicans. 
An internet server on C. albicans research, compiled by 
Dr. Scherer (Acadia Biosciences, Richmond, CA, USA) 
and Dr. Magee (University of Minnesota, MN, USA), con- 
tains a curated Candida database that provides regularly 
updated sequence data and other useful information on 
this fungus [18]. The C. albicans haploid genome size is 
16 Mb; by the middle of 1998 more than 2 000 genes had 
been tentatively identified [19]. The sequencing of the 
Saccharomyces cerevisiae genome (14 Mb, 6340 open 
readingframes) [20] has greatly assisted the study of 
C. albicans because Candida sequences can, in many 
cases, be compared to Saccharomyces counterparts. 
While S. cerevisiae is a relatively avirulent facultative 
anaerobe and C. albicans is a pathogenic obligate aer- 
obe, the comparison is often biologically relevant because 
many of the genes identified in C. albicans have been iso- 
lated by functional complementation in S. cerevisiae or 
cloned by screening libraries through hybridization with 
homologous S. cerevisiae DNA probes. It is significant, 
however, that approximately 5% of C. albicans genes 
analyzed to date have no clear S. cerevisiae homologue 

High sensitivity proteomic characterization of C. albicans 
is still in its infancy. Although protein sequence informa- 
tion has been obtained in order to characterize the prod- 
ucts of several Candida genes [21] and many two-dimen- 
sional gel electrophoresis (2-DE) separations have been 
undertaken [22-361 (Fig. l ) ,  the high costs associated 
with the technology required for systematic detailed pro- 
teomic analyses mean that such studies are presently 
restricted to large research groups and companies. In this 
paper we discuss the possible utility of proteome analysis 
of C. albicans in relation to this organism's pathogenicity 
and its virulence factors. 

~ 9 1 .  

The status of C. albicans as a commensal and opportun- 
ist, in contrast with other fungi which are strictly opportun- 
istic, suggests that it must be able to express organism- 
specific determinants that allow it to compete on the 
mucosal surface. Such factors have only begun to be 
identified. These are clearly important because most 
instances of serious disease involve strains carried by the 
host [6]. It also follows that a critical factor in pathogene- 
sis is a changed interaction of the C. albicans with the 
host defences. It is likely that multiple factors contribute to 
C. albicans virulence, and that different factors are 
involved at different stages of pathogenesis of each type 
of infection [7]. Several C. albicans features have been 
suggested to contribute to pathogenicity [8-lo]. These 
include secretion of hydrolytic enzymes (such as aspartic 
proteinases, phospholipases and Kacetylglucosamini- 
dase), the ability to adhere to host tissues and phenotypic 
switching, a phenomenon that involves changing several 
growth and morphological characteristics simultaneously. 
C. albicans is a polymorphic fungus which grows predom- 
inantly in either a yeast-like or mycelial form. The ability to 
convert between yeast and mycelial growth is also con- 
sidered to be a virulence factor. The mycelial form may 
assist C. albicans to invade host tissues [ l l ]  and help 
avoid immune surveillance by macrophages [12]. Other 
strictly opportunistic fungi, such as Cryptococcus and 
other non-albicans Candida species, use alternative 
routes to colonize selected sites, and without necessarily 
requiring morphological change. Thus, certain C. albicans 
virulence factors may be species-specific. 

Fungal infections of the immunocompromised are often 
difficult to treat because of adverse drug interactions, side 
effects, the need for prophylactic treatment over long peri- 
ods and a limited repertoire of effective fungicidal drugs 
[13]. The increased incidence of azole drug resistance 
among clinical Candida isolates is causing further prob- 
lems in the treatment of candidiasis patients, while super- 
infection by inherently resistant Candida species such as 
C. glabrata and C. krusei is increasingly common among 
prophylactically treated patients with chronic vaginitis and 
AIDS, respectively [14, 151. A better understanding of the 
biology, pathogenesis and drug resistance mechanisms 
of Candida species and the identification of new broad 
spectrum antifungal drug targets are urgently needed to 
combat opportunistic fungal infections. 

Classical genetic studies of C. albicans biology have 
proved difficult because the organism is a diploid eukary- 
otic microbe that has no known sexual cycle [16]. For 
some strains certain chromosomes may also be poly- 
ploid. A further complication is that C. albicans decodes 
CUG as serine rather than leucine [17]. Despite these lim- 
itations, the application of molecular biological methodolo- 

2 Insights and oversights from proteomic 
analyses 

Since proteins carry out or affect most cellular functions in 
biological systems, measurement of the extent and timing 
of the expression of individual coding sequences in phys- 
iologically relevant contexts can provide a valuable but 
preliminary insight into biological processes such as the 
cell cycle, growth and pathogenesis. Pathogenesis can 
be simplistically defined as a multistep process which re- 
quires the controlled expression and regulation of particu- 
lar proteins, including virulence factors, that are needed 
for functions such as colonization, cell sustenance and 
growth in specific host environments, and avoidance of 
host defense mechanisms. Since protein expression in 
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cells cannot necessarily be predicted from mRNA levels, 
more appropriate methods of measurement are required. 
In addition to the amounts of proteins expressed, protein 
modification, processing, turnover and macromolecular 
associations affect protein function. An understanding of 
normal and pathogenic states therefore requires a com- 
prehensive analysis of the identity, quantity, state of modi- 
fication and the association of proteins [37]. Proteomics is 
beginning to give access to such data. Improved protein 
separation, sensitive peptide detection and process auto- 
mation mean that it is now possible to resolve reproduci- 
bly thousands of proteins from complex samples, and 
identify proteins directly from 2-DE gels. Up to 10 000 pro- 
teins can be resolved on large-format 2-DE gels and the 
reproducibility of patterns is enhanced by employing first- 
dimensional gels with covalently immobilized pH gradi- 
ents (IPGs) [37]. The use of fluorescent dyes to label pro- 
teins allows detection of less than 1 pg protein, which is 
more sensitive than silver staining [38]. The fluorescent 
images of labeled gels can be recorded electronically and 
used to generate libraries of expressed protein profiles. 
The identity of proteins can be discovered by excising 
them from 2-DE gels and subjecting them to peptide map- 
ping [37]. Proteins can be cleaved into peptides by enzy- 
matic digestion, chemical cleavage or collision with argon, 
and the parental protein and its peptide fragments charac- 
terized by mass spectrometry after matrix-assisted laser 
desorption/ionization (MALDI) or electrospray ionization 
(ESI) [37, 391. The peptide mass fingerprints generated 
can be compared with databases of peptides predicted 
from protein sequences to identify the parent protein. 
Often protein databases are linked to genomic databases 
allowing immediate access to coding sequences. As 
these databases grow, it is becoming possible to detect 
post-translational modifications of proteins, such as acet- 
ylation and phosphorylation [38]. 

Correct identification of proteins from peptide fingerprints 
requires databases containing information from complete 

Figure 1. Previous and prospective applica- 
tions of proteomic analyses to C. albicans. 

coding sequences. Much of the currently available C. albi- 
cans genome sequence has been obtained by shotgun 
sequencing the ends of DNA fragments. This means that 
the number of complete protein sequences is relatively 
low, making it difficult to identify unknown proteins. If a 
protein cannot be identified from existing databases it can 
often be cloned from genomic DNA by PCR using primers 
based on the amino acid sequences of peptides derived 
from the protein. Tandem mass spectrometry (MSIMS) 
uses parent peptide ions that are identified by MS, iso- 
lated, and randomly fragmented by collision with an inert 
gas such as argon. The resultant fragments are then 
characterized by MS. This process can be used to obtain 
complete amino acid sequences for sample proteins [39]. 
The most sensitive analytical procedure is capillary elec- 
trophoresis of peptides followed by MS/MS. This powerful 
combination can identify ferntomole amounts of protein 
WI. 

Despite advances in the sensitivity of 2-DE, suitable 
model systems are required for C. albicans proteome 
analysis because it is not yet possible to obtain sufficient 
quantities of useful fungal material from disease states. 
The use of in vitro systems to study virulence factors re- 
quires rigorous controls to ensure that detectable protein 
differences are not artefacts. Based on genome size rela- 
tive to S. cerevisiae, C. albicans can be expected to 
encode about 7000 proteins. Inherent limitations in 2-DE 
resolution of proteins, including both related and unre- 
lated proteins having overlapping physiochemical proper- 
ties, protein microheterogeneity and limitations on protein 
sample loading, as well as widely disparate levels of 
expression, mean that still only the most abundant frac- 
tion of gene products are likely to be successfully ana- 
lyzed. One approach which circumvents some of these 
limitations is the use of a very narrow range IPG for the 
first-dimensional separation of 2-DE. This enhances sam- 
ple loading within the desired pH range [39] and should 
lead to the visualization and identification of less abun- 
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dant proteins. Fractionation of cellular components into 
soluble and organellar fractions, provided that adequate 
solubilization of protein components can be achieved, will 
also enhance the potential for the separation of the pro- 
tein repertoire. C. albicans behaves similarly to S. cerevi- 
siae in terms of organellar purification for fractions such 
as nuclei, mitochondria, plasma membranes and cell 
walls. Likewise, about 40% of its protein components can 
be expected to be in, or associated with, membranes 
while a further significant percentage of proteins is in the 
less tractable cell wall fraction. 

3 Application of proteomics to C. albicans 
pathogenicity 

The multifactorial nature of C. albicans virulence indicates 
that a proteomic approach, which monitors the expression 
of many proteins simultaneously, may be a useful way to 
compare the commensal status of the organism with dis- 
ease progression or the consequences of manipulation in 
model systems. In addition, several putative virulence fac- 
tors occur in the C. albicans genome within gene families. 
For example, there are at least nine genes encoding 
secreted aspartic proteinases [40, 411 and multiple genes 
encode putative drug efflux pumps [15]. Proteomics could 
be used to examine the expression patterns of members 
of these gene families, particularly when coupled with 
sensitive detection methods. An interaction of the fungus 
with the host is central to pathogenesis. In addition to pro- 
teins involved in tissue attachment, signaling of attach- 
ment, and tissue penetration, part of the proteome may 
also be involved in avoidance of peptide-based defense 
mechanisms and immune surveillance. So far these fac- 
tors have eluded discovery. 

A combination of proteomics with genomics could identify 
gene products expressed during carriage or pathogenesis 
that are expressed only in C. albicans and not in non- 
pathogenic fungi such as S. cerevisiae. Alternatively, it 
should be possible to identify proteins which are structur- 
ally conserved and that are expressed in a range of fungi. 
For example, biochemical, immunochemical and molecu- 
lar genetic studies show that the plasma membrane H+- 
ATPase is the dominant protein in the plasma membrane 
of Candida species and S. cerevisiae ([21]; Monk, Mason 
and Fuge, unpublished). The core of this essential P-type 
ATPase appears to be strongly structurally conserved, 
although interesting kinetic and regulatory features can 
be demonstrated that correlate with morphogenetic capa- 
bility [42]. Similar broad-based protein analytical ap- 
proaches could identify possible drug targets for either 
specific or broad-spectrum drug design. The following 
sections examine in more detail the application of proteo- 

mics to the analysis of potential C. albicans virulence fac- 
tors and novel drug targets. 

3.1 Morphogenesis and DNA binding proteins 

Germ tube formation is an early stage of the yeast-to- 
mycelial (dimorphic) transition and may enhance Candida 
cell adhesion to host cell surfaces, mediate tissue pene- 
tration and help the fungus evade host defences. The 
dimorphic transition is also induced in vitro in response to 
changes in a wide variety of environmental factors [l] 
which have been used to model morphogenesis. Factors 
known to induce the dimorphic transition include carbon 
source (Kacetylglucosamine (GlcNAc), glucose, galac- 
tose, proline [22, 43]), incubation temperature [44], pH 
[45], and zinc [46]. Several genes involved in the signal 
transduction pathways for the dimorphic transition in 
C. albicans have been tentatively identified by functional 
complementation in S. cerevisiae mutants [9, 12, 47-52] 
and there appears to be more than one signaling pathway 
that can induce mycelial growth in C. albicans. However, 
neither the receptors for morphological signals nor the 
effectors of morphological change have yet been discov- 
ered. This may be because they are minor cellular com- 
ponents. There are also distinct differences between the 
induction and expression of morphological change in 
C. albicans and S. cerevisiae. The latter can be induced 
for pseudomycelial growth but not mycelial growth after 
nitrogen starvation, while germ tube formation in C. albi- 
cans is induced after carbon starvation. 

We have evaluated the protein profiles of the cytosolic 
fractions (supernatants obtained after 100 000 X g centri- 
fugation) from cells during an early stage of the transition 
between yeast and mycelia using 2-DE [22]. Carbon- 
starved C. albicans ATCC 10261 cells supplemented with 
glucose or galactose at 37OC were induced to undergo 
pH-dependent morphogenesis, with yeast growth occur- 
ring at pH 4.5 and efficient germ tube formation at pH 6.7. 
Morphogenesis of cells induced with GlcNAc under the 
same conditions was pH-independent. The use of multi- 
ple morphogenesis-inducing conditions enabled us to dis- 
tinguish between specific morphogenetic changes and 
nonspecific effects due to carbon metabolism or the 
changed pH. 

In an attempt to identify candidate polypeptides which 
regulate the early events of morphogenesis, we have 
focused on polypeptides which are differentially synthe- 
sized in the period prior to budding and significant germ 
tube emergence, i.e., within the first hour of glucose-, gal- 
actose- or GlcNAc-induced germ tube induction. Final 
commitment to budding or germ tube formation occurs a 
significant time after germ tube or bud emergence, as 
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shown by the ability to reverse either phenotype [22]. 
Similar to previous reports which examined 35S-labeled 
extracts from whole cells [23], almost all of the 400 poly- 
peptides visualized in the cytosolic fractions of C. albicans 
changed little in their electrophoretic properties and rela- 
tive abundance when germ tube formation was compared 
with yeast growth (Fig. 2). This 2-DE analysis combined 
with silver staining detected some minor changes in the 
levels of a small group of polypeptides whose behavior 
seemed to reflect the resumption of growth and carbon 
source metabolism. This result emphasizes the utility of 
even a simple and low technology proteomic approach in 
detecting the responses of cells to environmental and 
metabolic change. There were no polypeptides, however, 
whose properties indicated a specific association with the 
early phase of morphogenesis. Our results do not exclude 
the possibility of additional regulatory polypeptides that 
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have remained undetected because of analytical limita- 
tions, their low abundance, or their transient appearance 
in the cells [23]. As proteomic technology develops it 
should be possible to detect other underlying changes of 
significance. A limitation of this analysis is the somewhat 
artificial conditions used to obtain sufficient material for 2- 
DE. Suitable animal models and much more sensitive 
detection methods would be required to analyze material 
from in viveinduced morphogenesis. 

DNA-binding proteins are key regulators of cellular re- 
sponse to environmental and metabolic changes [53] and 
are therefore likely to be involved in some of the early 
events in morphogenesis. Unfortunately, the lack of infor- 
mation about the activity of specific genes during C. albi- 
cans morphogenesis means that conventional foot-print- 
ing assays cannot be used to detect regulatory proteins. 

I + 

Figure 2. Two-dimensional PAGE separation of cytosolic polypeptides (S 100) extracted from glucose-induced C. albicans 
cells programmed for germ tube formation and yeast growth. Glucose (16 mM) was added to carbon-starved cells to induce 
germ tubes at pH 6.7 (A, B and E) or to grow as budding yeast at pH 4.5 (C, D and F); (A) and (C) samples prepared imme- 
diately after glucose addition; (5) and (D) samples prepared 1 h after glucose induction; (E) and (F) (small panels, with the 
equivalent portion of the gel indicated in A) samples prepared 2 h after glucose addition. SlOO fractions (5 pg) were electro- 
phoresed and gels were stained with silver. Arrows indicate differentially synthesised polypeptides. Reproduced from [22], 
with permission. 
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cificity of heparin-agarose, it will also be necessary to 
determine if they are indeed DNA-binding proteins or part 
of a DNA-binding complex. If these polypeptides exhibit 
appropriate properties, heparin-agarose chromatography 
may allow the partial purification of sufficient material to 
facilitate microscale sequence analysis [57], or a sensitive 
2-DE analysis as a prelude to gene cloning. 

We have measured PMA7 (plasma membrane H'- 
ATPase) mRNA during morphogenesis relative to expres- 
sion of the constitutive ADEZ gene [42]. Although the 
expression of both messages increased by between 2- 
and 6-fold on release from starvation, with a 3-fold lower 
level of expression during germ tube formation compared 
with yeast growth, a constant ratio of the two messages 
was maintained. Interestingly, the 97 kDa ATPase band 
reached and maintained its normal expression levels in 
the membrane (rising from about 10% to about 20% of 
plasma membrane protein) after release from starvation 
and with either the induction of yeast growth or germ tube 
formation. Kinetic analysis indicated that although the 
ATPase was rapidly activated after addition of metabolis- 
able sugar, as expected from earlier studies which 
showed extensive cytoplasmic alkalization during germ 
tube formation [58], the enzyme remained preferentially 
activated in the germ-tube-forming cells. These data 
imply that although many genes and gene products 
required for essential cellular functions are regulated in 
complex patterns during germ tube formation and yeast 
growth, gene expression appears to be similarly coordi- 
nated in both contexts, and additional regulatory factors 
may exert profound influences at the functional level. 
These results are consistent with the limited changes that 
were seen in our analysis of protein profiles obtained with 
the cytosolic fraction and the considerable delay between 
initiation of morphogenesis and the commitment to mor- 
phogenesis [22]. Thus, factors not readily visualized dur- 
ing low sensitivity proteomic analysis may be key regula- 
tors of the physiological, cell-cycle-related and morpho- 
genic changes required for germ tube formation, These 
include far-reaching events such as intracellular pH modi- 
fication mediated by the activated ATPase, or general 
transcriptional modification effected by a small fraction of 
low abundance polypeptides, possibly DNA binding pro- 
teins or regulatory complexes. Furthermore, it still cannot 
be excluded that an appropriate environmental manipula- 
tion of the signaling pathways extant at the end of carbon 
starvation is all that is required to induce a commitment to 
morphological change. 

We have therefore adopted the less specific affinity- 
based polyethylenimine precipitation [54] or heparin-agar- 
ose chromatography approaches [55, 561. These exploit 
the properties of DNA-binding proteins so that candidate 
regulatory polypeptides are concentrated from crude 
extracts of cells which are becoming committed to either 
yeast growth or germ tube formation. Both polyethyleni- 
mine and heparin-agarose chromatography indicated the 
presence of a small group of polypeptides whose abun- 
dance was affected by physiological parameters such as 
pH difference, response to carbon source or release from 
starvation. Heparin-agarose chromatography concen- 
trated a further minor group of low abundance polypepti- 
des (molecular mass range of 130-200 kDa) that was 
differentially synthesized during glucose-induced morpho- 
genesis (Fig. 3). These encouraging results demonstrate 
how a simple fractionation technique can extend the sen- 
sitivity of proteomic analysis so that potential develop- 
mental changes can be identified. Further tests are 
needed to determine whether the polypeptides are specif- 
ically induced during germ tube formation or by exposure 
of cells to metabolisable inducer at high pH; pH-depend- 
ent galactose- or pH-independent GlcNAc induction 
should help to answer this question. Given the broad spe- 
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Figure 3. Silver-stained SDS-polyacrylamide gel electro- 
phoretic analysis of fractions of SlOO polypeptides from 
heparin-agarose affinity chromatography. Samples are as 
follows: glucose-induced germ tube forming cells at 
pH 6.7 (lanes 1 and 2) and budding yeast cells at pH 4.5 
(3 and 4); (1) and (3) SlOO fractions prepared immedi- 
ately after glucose addition; (2) and (4) SlOO fractions 
prepared 1 h after glucose addition; 0.25 mM ammonium 
sulfate eluates. Arrows indicate differentially synthesised 
polypeptides. 

3.2 Adhesins 

Adhesins are the fungal surface moieties that mediate the 
binding of C. albicans to other cells (host or microbial) or 
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other surfaces [3,59]. Inhibition of the interaction between 
adhesin and receptor molecule may prevent colonization 
of the human host and so preclude candidiasis. Most 
C. albicans adhesins are mannoproteins and both their 
protein and carbohydrate portions have been implicated 
in adherence [59]. Whether due to differences in experi- 
mental approach, reagents, strains, or analysis protocols, 
there is disagreement among studies as to the identity 
and number of candidal receptors for various ligands. 
Nevertheless, C. albicans clearly possesses multiple 
adhesins [59, 601. Traditionally, adhesins have been 
examined individually, but proteomics may allow the 
simultaneous study of changes in expression of multiple 
adhesins. 

Hydrophobic proteins in the cell wall of C. albicans are 
involved in adhesion of this organism to host tissues and 
medical prostheses and thus play a role in its pathogenic- 
ity. The cell wall is a complex structure primarily consist- 
ing of cross-linked p-13 and p-1,6 glucan, chitin and man- 
noproteins [59]. Proteins can be extracted from cell walls 
with 2-mercaptoethanol or glucanase treatments and 
some 2-DE analyses have been undertaken [32]. Wall 
proteins, however, are difficult to purify and analyze for 
several reasons. They are highly heterogeneous, with 
variable glycosylation, and they are often covalently 
cross-linked to other wall components and the plasma 
membrane. The hydrophobic nature of these cell wall pro- 
teins results in their loss during purification due to adsorp- 
tion to apparatus surfaces. Masuoka eta/. [34] described 
a system that combines preparative isoelectric focusing 
with continuous elution preparative electrophoresis. The 
system provides a two-dimensional protein separation 
while maintaining protein solubility and minimizing protein 
loss due to adsorption. 

The biosynthesis of cell wall components and the remod- 
eling enzymes resident in this region of the cell are attrac- 
tive drug targets, since the cell wall is essential for sur- 
vival and is unique to fungal cells. The biosynthesis of cell 
wall glucan polymers provides the target for the echino- 
candins and pneumocandins that are now approaching 
clinical trials [61], while the nikkomycins target fungal chi- 
tin synthase [62]. In contrast to the intracellular action of 
these drugs, demethyl-allosidamine targets the chitinases 
required for cell wall plasticity during growth and prolifera- 
tion while the pradamycins initially target the phospho- 
mannan of cell walls and then destroy plasma membrane 
integrity [62]. The relative paucity of drugs targeting fun- 
gal as compared to bacterial cell walls is at least partially 
due to difficulties in analyzing fungal cell wall proteins 
and identifying essential targets. The development of 
improved methods to solubilise and display the repertoire 
of cell wall components would be a major breakthrough. 

Drugs which target extracytoplasmic regions of mem- 
brane proteins are also desirable since they do not need 
to enter the cell, thus avoiding intracellular pump-based 
detoxification resistance mechanisms. They can be fungi- 
cidal rather than fungistatic agents, as has been demon- 
strated by using omeprazole as a surface active inhibitor 
of the essential plasma membrane H'-ATPase [63-65]. 
Successful proteomic analysis of the full complement of 
plasma membrane proteins would be a valuable resource 
for antifungal development. This will require the discovery 
and application of suitable nonionic detergents. In the 
interim, SDS-PAGE can provide a useful way to display 
the plasma membrane proteins. Reaction of concanavalin 
A (ConA) with SDS-PAGE profiles of C. albicans plasma 
membranes showed that a poorly Coomassie-stained gly- 
coconjugate of approximately 80 kDa was found in the 
membranes of germ tube-forming cells and not budding 
cells, with slightly increased amounts displayed after 
germ tube emergence [42]. These results suggest that 
the biosynthesis, membrane integration, or unmasking of 
ConA-binding sites in the 80 kDa glycoconjugate may be 
associated with germ tube emergence and germ tube 
elongation. The identity and function of the glycoconju- 
gate remains to be established. 

Several technical limitations to proteomic analyses 
remain and these are particularly relevant for the cell 
envelope of C. albicans, a region that dominates interac- 
tions with host cells and is the most likely resource of 
potential fungicidal targets. The low solubility of many 
hydrophobic membrane and cell wall proteins plus the 
effects of variable covalent association can prevent clear 
separation by 2-DE. These features, combined with the 
low abundance and extensive post-translational modifica- 
tion of many components, has made it difficult to purify 
such proteins in quantities sufficient for sequencing or 
biochemical analysis. Despite efforts to improve the solu- 
bility of membrane proteins [66] and cell wall components 
[34], the 2-DE display and identification of these proteins 
are far from ideal. 

3.3 Drug resistance 

By 1997, about 90% of AIDS patients had required anti- 
fungal therapy for oropharyngeal or esophageal candidia- 
sis at some time during their illness. At present the anti- 
fungal agents most frequently used to treat such patients 
are imidazole (miconazole and ketoconazole) or triazole 
drugs (fluconazole and itraconazole). The triazole drugs 
have advantages over the polyenes of oral delivery and 
lower host toxicity. However, a significant proportion of 
patients have experienced azole treatment failure due to 
the development of drug resistance in C. albicans. There 
are numerous ways in which Candida cells could become 
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resistant to the azole drugs but in many clinical strains 
drug efflux pumps and altered 14 a-sterol demethylase 
(an enzyme from the ergosterol biosynthetic pathway and 
a target of azole drugs), are major factors that contribute 
to C. albicans azole antifungal resistance [15]. 

There are two main families of drug efflux pumps: the 
ABC (ATP-binding cassette) transporters and the MFS 
(major facilitator superfamily) proteins [67]. Currently, at 
least eight members of the CDR family have been identi- 
fied by sequence homolgy [18]. Several of these genes 
have been cloned by functional complementation of 
hypersensitive S. cerevisiae mutants to give a flucona- 
zole-resistant phenotype 168, 691. However, many addi- 
tional S. cerevisiae transformants from these experiments 
have not been fully characterized [68, 691. Indeed, there 
are a total of 55 genes encoding ABC and MFS transport- 
ers in the s. cerevisiae genome [70, 711 and so it is rea- 
sonable to predict a similar number of these transporters 
in C. albicans. For some of the genes already identified, 
transcript levels in fluconazole-sensitive and fluconazole- 
resistant clinical isolates have been compared. The 
amounts of CDRI, CDRZ and/or CaMDRI mRNAs have 
been shown to be significantly higher in azole-resistant 
strains than in azole-sensitive strains [68, 69, 72, 731. 
Important questions remain. Have the key gene products 
been identified, and do mRNA concentrations reflect 
plasma membrane efflux pump expression levels? A pro- 
teomic examination of sensitive and resistant strains 
could help answer these questions. One-dimensional 
electrophoresis is unlikely to be suitable as many of these 
proteins have similar molecular masses. However, their 
different calculated isoelectric points (Cdrlp 170 kDa, p l  
6.93; Cdr2p 169 kDa, p l  6.85; Cdr3p 170 kDa, p l  8.09) 
suggest that separation could be achieved by 2-DE. Anal- 
ysis of drug efflux pumps by 2-DE would also be facili- 
tated by comparison of isogenic mutants which over- or 
under-express specific efflux pumps and by immunode- 
tection of reference proteins. We have immunodetected 
overexpression of Cdrlp or CaMdrlp proteins on 1-D 
Western blots of plasma membrane fractions isolated 
from azole-resistant strains. We have also constructed a 
fluconazole-resistant mutant (FL3) from a fluconazole- 
sensitive and CDRI-deleted strain derived from C. albi- 
cans CA114. This was achieved by transforming the 
CDRI-deleted strain with a multicopy CDRI-containing 
plasmid. FL3 is 500-fold more resistant to fluconazole 
than CDRI-deleted CAI14 and is 250-fold more resistant 
than CA114. The amount of CDRI mRNA in FL3 was at 
least 8 times higher than CA114. These strains provide 
the necessary controls that will facilitate the examination 
of other resistant variants derived from CAI14 and of flu- 
conazole-resistant clinical isolates. Although the separa- 
tion of plasma membrane proteins by 2-DE may prove 

problematic, the solubility of the closely related S. cerevi- 
siae Pdr5p multidrug efflux pump in the nonionic deter- 
gent dodecylmaltoside [74] holds much promise for the 2- 
DE display of C. albicans drug efflux pumps. 

Marichal et a/. [36] reported that the amount of CYf57 
mRNA transcript (encoding 14 a-sterol demethylase) from 
azole-resistant C. glabrafa clinical isolates was greater 
than that in susceptible isolates. The resistance was cor- 
related with an amplified chromosome which was gradu- 
ally lost in successive subcultures of the resistant isolate 
in drug-free medium. The amplified chromosome gave 
major differences in the 2-DE protein profiles of the sus- 
ceptible and revertant isolates compared to that of the 
resistant isolate. They reported that the expression of 25 
proteins increased and that the expression of 76 proteins 
decreased in the resistant isolate. The alteration in gene 
expression by changing chromosome number or by chro- 
mosomal recombination could also be a mechanism by 
which the asexual yeast C. albicans adapts to drug chal- 
lenge. As more genes are linked to the chromosomal 
physical map, proteomic analyses may be used to more 
precisely display and analyze the effect of changes in 
chromosomal ploidy. 

4 Conclusion 

It is important to define which parts of the genome are 
being expressed at any one time since, in the case of both 
procaryotes and eukaryotes, large portions of the genome 
are only expressed at specific periods, such as during 
host infection or morphogenesis [39]. Two recently de- 
scribed techniques, the microarray assay for gene 
expression (751 and the serial analysis of gene expression 
(SAGE) [76], allow the expression levels of thousands of 
genes to be monitored simultaneously. These new meth- 
ods of gene expression analysis are quantitative and pro- 
vide systematic approaches to the investigation of gene 
function and regulation. The future availability of complete 
genome sequences, developments in microchip technol- 
ogy, and new mass spectrometric identification methods 
will allow comprehensive analysis of gene expression at 
the genomic level as well as the mapping of a significant 
proportion of the approximately 7 000 components of the 
C. albicans proteome. It is certain that investigation of 
Candida will continue to be expedited by insights gained 
from the sequence and functional analysis of the Saccha- 
romyces genome and proteome. However, a full exposi- 
tion of the biology and pathogenicity of Candida cannot 
rely solely on information borrowed from this and other 
sources. In this paper we have described some prelimi- 
nary proteomic studies and have indicated aspects of 
C. albicans biology of relevance to pathogenesis which 
will benefit from proteomic analysis. The mapping and 
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sequencing of the C. albicans genome will help to focus 
attention onto those genes whose importance as viru- 
lence factors will need to be confirmed by proteomics- 
based analysis and functional studies. Similarly, differen- 
tially expressed proteins detected by proteornic analysis 
will help target studies towards complimentary genetic 
analysis of specific genes and gene families. While it 
could be suggested that the most interesting properties of 
C. albicans and other pathogenic Candida species reside 
in the differences between these yeast species and Sac- 
charomyces, this is a simplistic view that is inconsistent 
with the pragmatic need of the pharmaceutical industry to 
obtain broad spectrum fungicides. Essential gene prod- 
ucts shared among fungi, and preferably those which 
offer targets specific to fungi, provide the best candidates 
for antifungal intervention. However, experience with 
existing antifungal agents, plus the problems that they 
have generated, suggest that the plasma membrane and 
cell wall are likely to offer preferred antifungal targets. 
While these regions present major technical challenges, 
the successful application of proteomic analysis to this 
area should yield important practical dividends. 
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1 Introduction 

By 2000, the genome of Araabidopsis thaliana will be the 
first plant genome to be entirely sequenced. To dale, 
functions can be hypothesized for only one third of the 
genes already sequenced in this species [l]. Of course 
new technologies are emerging, such as high-density fil- 
ters, DNA chips and other "transcriptome" tools (2, 31, that 
permit simultaneous examination of thousands of tran- 
scripts. However, the complex regulatoly routes, from 
post-translational modifications to protein turnover cannot 
be studied at the cDNA level. Thus the proteome 
approach is necessary to help answer questions of func- 
tional analysis. The proteome approach (the protein com- 
plement expressed by a genome [4]) still relies on one 
technique: two-dimensional gel electrophoresis (2-DE) of 
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proteins. Since its description, more than twenty years 
ago, by O'Farrell [5] and Klose [6], improvements have 
been added constantly (Fig. 1). It is easier today to per- 
form 2-D gels, to examine the expression of several hun- 
dreds of genes and to compare the patterns obtained 
from different genotypes, conditions or developmental 
stages using specifically dedicated software. These sev- 
eral hundreds of protein spots are de fact0 genetic and 
physiological markers (see [7, 81 and below for reviews). 
Protein markers can be useful for assessing genetic vari- 
ability and for establishing genetic distances and phyloge- 
netic relationships between lines, species and genus. In 
addition, their encoding genes may be mapped whenever 
they exhibit positional genetic variability (charge and/or 
molecular mass; Fig. 2). Thus the genetic maps, usually 
constructed with nucleic acid markers such as RFLPs, 
RAPDs, microsatellites or other single tag sequences 
(STS), can be usefully completed with expressed genes. 

Innumerable proteins have been described, whose rela- 
tive abundance depends on the conditions (light, heat, 
cold, hormones, pathogens, efc.), and on the develop- 
ment stages or organs. As far as these proteins can be 
sequenced, the corresponding genes that may exist in 
the databases as "orphan" genes or ESTs may thus be 
further characterized and tentative functions may be pro- 
posed. Also in progress is a new approach that considers 
a protein amount as a quantitative trait to which the quan- 
titative trait loci (QTL) mapping methodology can be 
applied, leading to localization of the loci controlling the 
abundance of the protein, and to a strategy to pinpoint 
"candidate proteins" involved in the realization of pheno- 

Figure l .  2-D gel of proteins extracted 
from 8-day-old etiolated maize coleop- 
tile. 

typic traits under study. In this review we will focus on 
results obtained using proteomics in plant genetics and 
physiology, and on current developments which combine 
these approaches to progress in the cataloguing of the 
plant genes and their functions. 

2 Genetic diversity 

The 2-DE technique was used, from the beginning, to 
detect genetic diversity. Zivy et a/. [9], in 1983, investi- 
gated the genetic variability of 18 wheat (Trificum aesti- 

Figure 2. Examples of genetic differences between two 
maize lines. Top: the arrow indicates a position shift varia- 
tion (two allelic spots differeing by their isoelectric point); 
bottom: the arrow indicates a variation in amount. 
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vum) alloplasmic lines. Genetic differences between two 
wheat lines and two groups of cytoplasms were observed 
on proteins extracted from five developmental stages or 
organs. Each stage or organ was unambiguously charac- 
terized. Twenty allelic variations and 20 quantitatively var- 
iable proteins [lo] characterized nuclear variations be- 
tween Chinese Spring and Selkirk varieties. In some 
cases, the post-translational modifications were found to 
be stage-specific. Technical improvements allowed an 
increase in the percentage of revealed polyrnorphisrns 
[ l l ] .  Anderson ef a/. [12] analyzed storage proteins of 
wheat seeds including glutenins and gliadins from 14 vari- 
eties. From the analysis of protein patterns, it was 
deduced that charge modifications were more frequent 
than mass modifications. A comparison of two maize lines 
showed that the range of variability revealed (Fig. 2) 
depends upon the organ analyzed (from 7.5% for the 
blade to 12.6% for the mesocotyl and 13.2% for the 
sheath [13, 141). An experiment involving five lines, seven 
of their hybrids and six organs or physiological stages of 
maize, allowed examination of the inheritance of about 
2000 situations of between-line differences in protein 
amount [15]. Additive inheritance was the most frequent 
(96% of the situations), but nonadditivity concerned differ- 
ent proteins in the different stagedorgans. On the other 
hand, positive nonadditive inheritance (hybrid similar to 
parental line displaying high amount) is more frequent 
than the reverse [13-151. Zivy [17] found higher polymor- 
phism for heat shock proteins than for other wheat seed- 
ling proteins. Branlard [la] used 2-DE to improve the 
study of the determination of wheat gliadins routinely sep- 
arated by 1 -D electrophoresis. 

Several successful attempts were made, using 2-DE to 
characterize closely related lines of durum wheat [19], 
flour allergens in bread wheat cultivars [20], different lines 
of barley [21] differing in malting quality [22], cultivars of 
cultivated and wild rice [23, 241, genotypes of maize (25, 
261, of sugar cane [27], of Vigna angularis [28] or of car- 
rots [29]. Van Telgen and van Loon [30] examined the 
chromatin-associated proteins from leaves of different 
species and varieties of Nicotiana differing in their sensi- 
tivity towards tobacco mosaic virus (TMV). Over 90% of 
the polypeptides were similar in all Nicotiana while each 
of the species or cultivars showed different patterns. 
Unfortunately, no specific polypeptide spot could be asso- 
ciated with the presence of one hypersensitivity gene 
towards TMV. Bahrman ef a/. [31] tested different meth- 
ods of protein extraction from needles of Douglas fir 
(Pseudostsuga menziesii) and compared three different 
genotypes. Among 225 expressed loci, 22 displayed var- 
iations in amount and 7 of them showed presence/ 
absence (P/A) variations. Sieffert [32] analyzed three 

provenances of Norway spruce and found significant dif- 
ferences. 

In several studies, 2-DE was used as a means for 
describing the structure of genetic diversity. Two studies 
on limited samples of maize lines showed that the quanti- 
tative variability of proteins gives a pattern of relationships 
between genotypes that is different from the qualitative 
and protein structure variability. Moreover, this kind of 
variability was found to be correlated with some agro- 
nomic performances [16, 331. A larger study on 21 inbred 
lines used isozymes, RFLPs, and 2-DE. Quantitative pro- 
tein data still showed a picture of relationships between 
lines clearly different from the other markers, but was no 
longer clearly associated with the phenotypic variation 
[34]. Posch ef a/. [35] studied ten pepper (Capsicum an- 
nuum L.) inbred lines. The polymorphism of water-soluble 
and ureddetergent-soluble seed proteins was investi- 
gated. In both cases, dendrograms, plotted from maxi- 
mum-parsimony analysis on the basis of qualitative varia- 
tions, clearly separated the lines. In a second study [36], 
seed protein polymorphism was investigated in ten inbred 
lines of the same species. Computer analysis was carried 
out on the protein patterns and 68 out of 184 water-solu- 
ble as well as 34 out of 419 weddetergent-soluble pro- 
teins were found to be variable. Both fractions contained 
common proteins, while the variable proteins found in 
both fractions were nonidentical. Genetic distances be- 
tween all pairs of inbred pepper lines were calculated 
from each protein fraction, allowing two distinct genetic 
groups of five inbred lines to be distinguished. Hirano [37] 
characterized 17 varieties of mulberries (Morus sp.) which 
were classified on the basis fo 23 variable leaf proteins 
using principal component analysis. 

Eon [38] applied the 2-DE technique to separate the pro- 
teins of single meristems from Sequoiadendron gigan- 
feum, Sequoia sernpetvirens, Pseudostsuga menziesii, 
Picea abies, Pinus pinasfer, Eucalyptus gunii and Popu- 
/us nigra. The tool was successfully used for the study of 
inter- and intraclonal differences in meristem cultures of 
forest tree species. In maritime pine (Pinus pinasfed, the 
protein patterns of 42 megagametophytes from seven 
genetic origins were first compared. Only qualitative var- 
iations (presence or absence of the spots) were taken into 
account and considered as spot characters. A total of 968 
polypeptide spots were scored and showed that more 
than 84% of the polypeptides were variable. The intra- 
and interorigin variability levels were of similar magnitude. 
Correspondence analysis and dendrograms plotted on 
the distance index between individuals permitted classifi- 
cation of the seven origins of maritime pine into three 
main groups, namely Atlantic, Mediterranean and North 
African [39]. In another study [40], six populations of mari- 
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finding is consistent with the hypothesis on the origin of 
the cultivated wheats where the cytoplasmic and B 
genome donor of AB and ABD wheats is closer to T. spel- 
tofdes and T. aucheri than to any other Sitopsis species 

[431. 

time pines were screened. The 2-DE was performed with 
proteins extracted from 32 haploid megagametophytes of 
each population. The allelic frequencies of 16 protein loci 
for which the segregation was known were scored. The 
same populations were also analyzed for eight isozymes 
and six terpene loci. Mean diversity and differentiation 
were computed and the data were compared with the iso- 
zymes and terpenic loci data. Each class of loci displayed 
a different level of average diversity. A high level of differ- 
entiation (GST = 0.17) was found, which is typical of a spe- 
cies having a highly fragmented range. 

Barreneche et a/. [41] compared 23 oaks from six Euro- 
pean countries, covering partly the natural geographic 
range of white oaks in Europe. Total proteins from seed- 
lings were analyzed and 530 polypeptide spots scored, 
among which 101 were polymorphic. lnterspecific and 
intraspecific distances were found to be very close. The 
results confirmed the low level of genetic differentiation 
between Quercus petraea and Quercus robur, as was 
also observed with other markers such as isozymes, 
RAPDs or chloroplastic DNA. David eta/.  [42] used 2-DE 
for the comparison of wheat populations, derived from a 
single original population, that were cultivated under dif- 
ferent environmental conditions. They showed that all 
populations differed from the initial one, and that most dif- 
ferences between them were not due to random drift, but 
to adaptation to different climatic conditions. All these 
studies demonstrate the power and the usefulness of the 
proteome approach for distinguishing lines, populations, 
varieties and even species, and for addressing important 
questions in population genetics. The interest of the pro- 
teome tool in phylogenetic studies will now be illustrated. 

3 Studies of phylogenetic relationships 

Several series of experiments were performed in the Triti- 
ceae tribe in order to understand the relationships be- 
tween homologous genomes and to decipher their contro- 
versial phylogeny. Comparison of alloplasmic lines (the 
same nuclear genome introduced by backcrosses in dif- 
ferent cytoplasms) led to the detection of three cyto- 
plasmically encoded proteins [43]: the large subunit of 
Rubisco and two forms of the beta subunit of chloroplast 
ATPsynthase, i.e. three products of two chloroplast 
genes. Looking at the variability of these three proteins in 
more than fifty different diploid, tetraploid and hexaploid 
Triticum (including Aegilops) genotypes has permitted 
definition of only two cytoplasmic types. The representa- 
tives of the A, M and D genomes and several species of 
the Sitopsis section share one type. The other cytoplas- 
mic type is found in T. aestivurn (AABBDD), T. turgidurn 
(AABB), T. firnopheevi (AAGG) and only two species of 
the Sitopsis section, T. speltoi'des and T. aucheri. This 

The whole 2-D patterns from representatives of the Sitop- 
sis section were then compared and compared to the Chi- 
nese Spring (CS) standard wheat line. For each of the 
1231 spots found in one or the other genotype, the pres- 
ence or absence was recorded in each of the genotypes 
examined. Similarity indices were computed and pheno- 
grams constructed from the similarity matrix. The wheat 
line was found to be more similar to T. speltoi'des and 
T. aucheri (these two being so close that they must be 
classified as one species) than to any other Sitopsis. 
Moreover, when the spots present only in CS and in one 
other Sitopsis are considered, it is also with T. speltofdes 
and T. aucheri that CS shared the maximum number of 
spots. Thus, taking into account the cytoplasmic type, the 
phenogram computed from all the spots, and the rare 
species-specific spots, T. speltoi'des (and its variety 
T. aucherl) appears as actual species the closest of the B 
genome donor of the cultivated wheats [44]. 

Three representatives of the A genome, three representa- 
tives of the D genome, and ten accessions from the Sitop- 
sis section (S genome) were then compared. Since differ- 
ent series of 2-D gels were run, 457 spots of CS, run as a 
standard in every batch, were used as references. As pre- 
viously, but on this restricted set of spots, similarity indi- 
ces were computed. As expected, the dendrogram con- 
structed from the similarity matrix was less precise for the 
Sitopsis species but the main features were still obvious, 
in particular the proximity between T. spelfofdes and T. 
aucheri and the fact that they both appear far from the 
other Sitopsis. The A representatives are clustered 
together, as are the D ones. The D cluster merged with 
the S cluster before the two merged with the A cluster, as 
expected according to classical systematics [45]. To test 
further the proteomic approach as a phylogenetic tool, 
more distantly related species were studied, belonging to 
different genera: diploids from Triticum (A and D genome 
representatives), Secale (R genome) and Hordeum (H 
genome). It was found that barleys are relatively far from 
wheats (30% of common spots) whereas ryes were closer 
to wheats, with circa 45% of spots found in common [46], 
which is in accordance with classical taxonomy (Fig. 3). 

Compared to sequence analysis, which usually provides 
neutral markers and describes relationships between spe- 
cies in terms of time divergence (the "molecular clock), 
the proteome approach, which is restricted to closely 
related species, probably gives another kind of informa- 
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tion: several hundreds of expressed genes are taken into 
account, among which nonneutral polymorphisms are 
expected to be more frequent, because genetic variability 
of the amounts of proteins may have physiological conse- 
quences. In addition, the definition of identical products in 
different species may be of help in sorting out genes in 
agronomic plants, e.g. rape, from those described in a 
model plant from the same family, e.g. Arabidopsis, also 
a Crucifereae. 

4 Expression of homologous genomes in 
polyploids 

The expression of a genome at different ploidy levels and 
in combination with homologous genomes was also 
examined in the Triticeae. Using the Chinese Spring (CS) 
ditelosomic (DT) lines developed by Sears [47], the struc- 
tural genes encoding the proteins revealed on 2-0 gels of 
the CS hexaploid wheat line can be located on the differ- 
ent chromosome arms. A spot present in the euploid and 
absent in a given DT line should have its structural gene 
located on the missing chromosome arm. But only 8% of 
the CS spots were located this way, although 30 of the 42 
possible DT lines were examined [48]. The hexaploid 
nature of bread wheat with its three homologous 
genomes led to the hypothesis that most gene products 
are synthesized by 2-3 indistinguishable homoalleles. 
They are thus two-dose or three-dose spots when only 
the one-dose spots can have their strucutral genes 
located, i.e., disappearing in one or the other DT line [48]. 

The experiments reported above, where diploids with A, 
S and D genomes were compared on the basis of 457 CS 
spots, permitted testing of this hypothesis. More than 
82% of the CS spots can be found among the representa- 

tives of each of the A, S and D genomes, the B genome 
of the hexaploid wheat being represented by its closest 
relative the S genome of the Sitopsis section. Because 
the genes encoding electrophoretically identical products 
are very likely homologous structural genes located on 
the three homologous genomes, it can be deduced that 
the same allelic forms exist in the three genomes. The 
hexaploid pattern can be considered as the sum of one A, 
one B (or S) and one D pattern. Ninety (3 x 10 x 3) com- 
binations can theoretically be constructed from 3 A, 10 S 
and 3 D patterns. The number of multiple-dose (two- or 
three-dose) spots in such “theoretical” hexaploids varied 
between 72% and 86% [45], explaining why so few genes 
were located in the DT analysis. 

The relationships between homologous genes can raise 
another question about the extent of a phenomenon de- 
scribed as “intergenornic suppression” [49], i.e., the non- 
expression of one or two of the three genomes for a given 
set of homologous genes. To study the expression of a 
genome at different ploidy level, the 2-0 patterns of a D 
diploid, an AB tetraploid and the synthetic amphiploid 
hexaploid wheat, resulting from a colchicin-treated hybrid 
between the two, were compared. With only few excep- 
tions (among them are the cytoplasmically encoded pro- 
teins) all the proteins synthesized by D or AB alone were 
also found in ABD. Moreover, the 2-D pattern of the 
amphiploid was indistinguishable from the one obtained 
by running a 2-D gel with a 1/3 D extract and a 2/3 AB 
extract. Thus it has be concluded that for most gene prod- 
ucts the three genomes are expressed independently, 
intergenomic suppression being a rare phenomenon [50]. 

5 Mutant characterization 

The 2-DE technique is also a valuable approach for evalu- 
ating modifications of protein expression caused by a 
mutation [7]. The strategy is to compare the 2-D patterns 
of the mutant and of the wild-type plant cultivated under 
same conditions. The identification of the affected pro- 
teins, by chemical sequencing, mass spectrometry or 
Western blot, can then provide valuable information to 
understand the biochemical processes that underlie the 
mutant phenotype, whether the function of the mutated 
gene is known or not. 

Total proteins of developmental mutants of the model 
plant Araabidopsis fhaliana were analyzed [52]. It was 
shown that these mutants had specific 2-D patterns that 
could be distinguished from the pattern of the wild-type 
plant [52]. This study allowed the identification of an iso- 
form of actin whose amount was correlated with the 
length of hypocotyl. The comparative 2-D protein pattern 
analysis of a tomato wild-type plant sufficient in Fe as well 
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method, which can detect the genetic variability still pres- 
ent in the lines or ecotypes used in mutagenesis experi- 
ments, and (ii) that, as discussed below, only a fraction of 
the more abundant expressed genes was examined. 

as the Fe-deficient mutant allowed identification of sev- 
eral enzymes (glyceraldehyde-3-phosphate dehydroge- 
nase, formate dehydrogenase, ascorbate peroxidase, 
superoxide dismutase, plastocyanin) that are involved in 
anaerobic metabolism and in stress defense [53]. The 
function of these enzymes was discussed in terms of their 
involvement in Fe acquistion [53]. In another study, four 
membrane polypeptides involved in Fe transport across 
the root plasma membrane of maize were characterized 
by comparison of the 2-D patterns of an Fe-efficient 
maize cultivar and a mutant defective in Fe uptake [54]. In 
experiments performed with moss, the 2-D patterns of the 
wild-type and of a chloroplast mutant were compared 
[55]. Selection of proteins to be sequenced was based on 
their altered abundances upon cytokinin treatment in the 
mutant and between the two genotypes. It was shown 
that cytokinin affects nuclear- as well as plastome- 
encoded plastid proteins, which suggested that both com- 
partments are involved in cytokinin action [55]. 

Another strategy to gain insight into particular physiologi- 
cal processes is the simultaneous comparison of 2-D pat- 
terns of mutants differentially affected in the process 
under study. As such, a set of mutants of Arabidopsis 
fhaliana, affected in early development, was analyzed by 
2-DE in order to estimate biochemical relationships be- 
tween them [56]. A previously characterized hormonal 
mutant and hormone-treated wild-type plants were 
included as controls for biochemical comparisons. The 
differences in the 2-D patterns were exploited in order to 
establish a phenogram of biochemical distances between 
mutants, using statistical procedures based on cluster 
analysis. A positive correlation was obtained between this 
classification and the genetic classification of these 
mutants. Also a good correlation was shown between 
physiological traits and biochemical classification since a 
mutant that overproduced auxin was closely related to the 
wild-type cultivated in the presence of auxin. In addition, 
this biochemical classification led to the hypothesis that a 
mutant, closely related to the wild-type plant cultivated in 
the presence of cytokinin, was a cytokinin over-producer. 
Cytokinin dosage confirmed this hypothesis [56]. The 
same kind of analysis contributed to show cytokinins to 
be involved in the phenotype of the Pasticcino mutant 

[571. 

When looking at leaf proteins in a series of late flowering 
Arabidopsis mutants and comparing their patterns to the 
wild-type, several differences were detected ([59]; Fink, 
unpublished). But, when examining the cotransmission of 
protein variation and the flowering phenotype in the selfed 
progeny of the hybrid between mutant and wild-type, not 
one cosegregated. These experiments reported negative 
results but emphasized (i) the analytical power of the 

The 2-DE approach is also relevant when the mutated 
gene is known since it can provide information on the pro- 
teins under the control of the gene. The Opaque 2 (02) 
gene in maize that encodes a transcriptional activator of 
the basic leucine-zipper family [60] exerts pleiotropic 
effects on protein expression [61, 621 (Fig. 4). Recently, 
comparative analysis of 2-0 patterns between wild-type 
and mutants in several unrelated backgrounds was car- 
ried out to identify specific targets of 02, marginal 02 
effects being excluded with this approach. Enzymes 
belonging to various metabolic pathways were identified, 
suggesting that the 02 gene could act as a connecting 
regulatory gene for different pathways of grain metabo- 
lism. In a similar approach, Gottlieb and de Viene [63] 
compared near-isogenic lines of the r-gene in pea, which 
determined round (RR), vs. wrinkled (rrj seed. Mature 
seeds of the two lines showed differences for about 10% 
of the proteins. This high percentage of pleiotropic effects 
at the proteome level is consistent with the many known 
physiological differences of the two seed types, and could 
give us an access to their molecular analysis. 

The results above demonstrate that a mutation at a single 
locus can have pleiotropic effects on the protein pattern, 
visible using the 2-DE approach. This pleiotropy can then 
be used to provide a working hypothesis to interpret the 
physiological process altered by the muation. Note that, 
in these studies, only partial proteomes (40C-600 poly- 
peptides) were studied. These proteomes correspond to 
the most abundant proteins, soluble ones, ranging be- 
tween pH 4-8 and 20-100 kDa. A more extensive proteo- 
mic approach should be relevant for the analysis of 
mutant phenotypes. In that view, some groups recently 
described the use of extensive immobilized pH gradients 
and acrylamide concentration gels [64, 651 for the recov- 
ery of the maximum number of sptos possible. Alterna- 
tively, access to minor proteins in 2-DE can be improved 
by the analysis of proteins from different subcellular com- 
partments. As such, the development of a proteome data- 
base of the plasma membrane from Arabidopsis fhaliana 
was recently undertaken [66]; this includes protein 
expression data (see paragraph "plant protein data- 
bases") in addition to protein identification data. The 
extensive proteomic approach also relies on the possibil- 
ity of handling hydrophobic proteins, which are rarely 
detectable in 2-D gels [67]. Notwithstanding, recent 
results obtained with new detergents in combination with 
thiourea seem promising for the recovery of such proteins 
in 2-D gels [68]. 
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Figure 4. Two maize lines 
differeing by the 02 mutation. 
2-0 gels of proteins from 
albumen, 45 days after polli- 
nation. Top: wild-type; bot- 
tom: 02 mutant. The arrows 
indicate the variations in gene 
expression due to a single 
mutation. 
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In order to give new insight regarding the genetic control 
of P/A variations, the map location of P/A loci was 
compared from an F2 progeny of maritime pine using a 
qualitative and a quantitative approach based on QTL 
mapping. In the first case, P/A loci were mapped by 
cosegregation analysis with other P/A and PS variants as 
well as with PCR-based markers [76, 771. In the second 
case [77], the integrated intensity of P/A variants was 
quantified using an image analysis system, and a QTL 
analysis was performed for each segregating spot, taking 
into account the whole data set, i.e. z 114 of F2 individu- 
als characterized by a null intensity (absence of the spot 
and z 314 of F2 individuals with nonnull intensity (pres- 
ence of the spot). The intensity score was used as the 
trait value when the spot was present. The composite 
interval mapping method, implemented in the QTL-car- 
tographer software [78], was used to localize QTLs 
accounting for spot intensity variation. In all cases, a sin- 
gle QTL was detected and its most probable map location 
was the same as the P/A loci localized by cosegregation 
analysis. When the genome was rescanned after this 
major QTL was fixed, no additional significant genomic 
region was identified. Furthermore, when both members 
of a PS variant were considered independently (31  
instead of 1 2 1  segregation ration in the F2 progeny) they 
both mapped in the same location using either the catego- 
rical or quantitative approach. These results support the 
existence of a single P/A locus corresponding either to a 
major regulatory gene, or to the structural gene of the pro- 
tein. Under the latter hypothesis, the alternative allele 
either exists and is hidden by other spots or does not exist 
and corresponds to a silent allele. 

6 Genetic localization of protein loci 

Over the last decade, genetic mapping of plant species 
has undergone explosive growth. The development of 
new techniques (initially RFLP and now PCR-based) gen- 
erating many different types of highly polymorpic and 
abundant DNA-based markers [69], has made possible 
the construction of genetic linkage maps for virtually any 
species, allowing geneticists to unravel some of the 
underlying genetic factors (i.e., QTL) controlling quantita- 
tive trait variation (see reviews [70, 711). While they can 
be considered as the techniques of choice for quickly sat- 
urating a genome, RFLPs and PCR-based markers 
appear to have a limited value for defining the relationship 
between phenotypic variation and genes of known func- 
tion. Alternatively, proteins revealed by 2-DE not only pro- 
vide useful molecular markers for mapping the expressed 
genome, but also have the great advantage of providing 
candidate genes to characterize QTL (see below). 

In 2-D patterns, spots exhibiting qualitative variations 
(position shifts: PS; see Fig. 2, and presence/absence: P/ 
A) were shown to be under monogenic control ([a, 72, 
731; Fig. 2). However the same gene may be represented 
in 2-D gels by several spots resulting from post-transla- 
tional modifications or degradation products [9, 741. PS 
are those cases where two spots with similar aspects and 
staining intensity are characterized by the following criter- 
ia: (i) They are located relatively close to each other on 2- 
D gels ( ie . ,  they have close p/and/or apparent molecular 
masses); (ii) they present a monogenic and codominant 
Mendelian mode of inheritance in a segregating pedigree 
(1:l segregation ratio in haploid and double haploid lines; 
1 2 1  segregation ratio in F2 selfed families; see [8] for a 
review), and (iii) last but not least, they correspond to the 
same protein. This was shown by microsequencing of 
such allelic pairs in maize and pine [75, 761. These three 
criteria demonstrate that PS variations correspond to 
allelic differences in the primary structure of a protein, 
most probably due to mutations at the structural locus. 

If it is clear that a PS locus corresponds to the structural 
gene of a protein, this parallelism is less straightforward 
for spots showing P/A variations. In 2-D gels obtained 
from F2 offsprings, such proteins revealed a clear mono- 
genic dominant mode of inheritance (31  segregation ratio 
for presence: absence of a spot), showing that a single 
gene is responsible for this polymorphism. If a P/A variant 
corresponds to a PS variant, where a member of the pair 
is not detected, then the P/A locus corresponds to the 
structural gene of the protein. Conversely, if a P/A variant 
corresponds to monogenic quantitative differences with a 
spot below the level of detection, then the P/A locus cor- 
responds to a regulatory gene controlling the expression 
level of the protein. 

Genetic localization of protein markers has mainly been 
reported for wheat, maize and maritime pine, although a 
few PS loci were mapped in others crops including pea [8] 
and barley [73]. In wheat, Colas des Francs and Thielle- 
ment (481 reported chromosomal localization of 35 pro- 
teins using ditelosomic lines. In maritime pine, Bahrman 
and Damerval [72] reported linkage analysis for 11 9 pro- 
tein loci and Gerber et a/. [79] reported a 65 loci linkage 
map covering 530 cM of the genome. A three-generation 
inbred pedigree of this species was recently used to map 
61 proteins from haploid [EO] and diploid [76, 771 tissues. 
In maize, a composite linkage map showing the distribu- 
tion of 65 PS loci was presented by de Vienne eta/. [a]. In 
pine and maize, protein loci were found on each chromo- 
some, interspersed with other markers (RFLPs in maize, 
RAPDs and amplified fragment length polymorphism, 
AFLP). 

RFLP markers developed from cDNA libraries generally 
reveal several unlinked loci [El-831 making it difficult to 
identify the gene that is actually expressed. 2-DE of pro- 
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teins may prove to be an interesting technique for con- 
structing maps of expressed genes and for sorting out 
which cDNA locus is expressed in which organ/develop- 
mental stage. For example, a protein showing a PS varia- 
tion in leaf, kernel and coleoptile of maize was identified 
using microsequencing and amino acid composition as a 
phosphoglycerate mutase. The cDNA probe identified 
four loci, on three chromosomes. The PS locus in each 
organ colocalized with one of these loci on chromosome 
3, indicating that this locus codes for the expressed pro- 
tein [84]. 

To date, no more than about a hundred protein loci have 
been mapped in a single plant species. The number of 
such markers could be substantially increased by analyz- 
ing some physiologically contrasted organs or tissues 
(root, leaves, bud, pollen, xylem, etc.) of the same individ- 
uals, until full coverage of the genome is obtained. Sev- 
eral techniques are now available for protein identification 
(amino acid sequencing, mass spectrometry, etc.). Such 
maps of expressed and known function genes are of 
invaluable help for the candidate gene/protein strategy of 
QTL characterization (see below). 

7 Protein quantity loci 

The quantity of any given protein in a cell or tissue results 
from the combined effect of the various factors controlling 
gene expression, from transcription to post-translational 
modifications and processing, and protein turnover. Auto- 
matic systems now allow quantification of intensity of 
polypeptide spots revealed by 2-DE. It has been shown 
that for a large proportion of proteins, the integrated opti- 
cal density was linearly related to the protein amount [85, 
861. The 2-DE approach thus affords a unique opportunity 
to investigate the genetic determinination of protein 
amount for several gene products at a time, whether their 
function is known or not. 

A pioneering study for the detection of regulators sensu 
lato was conducted by comparing the intensity of more 
than a hundred proteins from etiolated shoots of euploid 
and ditelosomic lines of the Chinese Spring wheat variety 
(481. It was found that several chromosome arms could 
modulate the expression of a given protein. When com- 
paring two different proteomes (from etiolated shoot and 
from leaf) it was further shown that they are not the same 
"regulators" that are acting, according to the developmen- 
tal stage, on the same protein (871. In maritime pine, the 
analysis of 56 endosperms from the same individual not 
only allowed a genetic map to be constructed, but also 
the mapping of a few loci controlling discrete variation of 
protein amount. In this study only this kind of variation 

was accessible due to visual inspection of the electro- 
pherograms [72]. 

Considering individual protein quantity as any quantitative 
trait, genetic determinination was investigated in segre- 
gating progenies using a QTL methodology [88]. Using a 
genetic map consisting of 109 RFLP and 2-D protein 
markers, the PQLs (protein quantity loci) of 72 coleoptile 
proteins were searched in an F2 segregating progeny of 
maize [89]. Seventy PQLs were detected for 42 proteins, 
20 of them having more than one PQL. The highest num- 
ber of POLS was 5 for two proteins. For 69% of the pro- 
teins, the variability explained was below 6O%, suggesting 
that other PQLs with low effects remained undetected. 
PQLs were found to be distributed all over the genome. 
Dominance was frequently observed, the dominance of 
the high quantity alleles being three times as frequent as 
the reverse, which gave genetic support to the heterosis 
of protein quantity observed in F1 hybrids [15]. Epistatic 
interactions were involved in the control of several pro- 
teins. In maritime pine, investigation of seedling protein 
quantities in an F2 descent allowed the detection of 1-4 
PQLs for half of the ten studied proteins (861. It was 
already known that the control of a given gene expression 
involved numerous factors. The various studies of PQL 
detection showed that several of these factors can be 
polymorphic for a given gene, and that they are distrib- 
uted throughout the genome. 

8 Candidate proteins for drought tolerance 
Such analyses have also been designed to investigate 
the genetic control of protein expression under water defi- 
cit. Water availability is a major limiting factor for plant 
growth. Limited water availability leads to several 
responses that have been described at different levels: 
reduced growth of aerial parts, stomata1 closure, leaf roll- 
ing, leaf senescence, synthesis of osmolytes for osmotic 
adjustment (e.g., betaine, proline, hexoses, inorganic 
ions). These responses are at least partially controlled by 
abscisic acid (ABA), a phytohormone whose concentra- 
tion increases in plants subjected to water deficit. As yield 
of cultivated plants is limited by drought, there is a special 
interest in identifying proteins whose expression is modi- 
fied by the constraint, and whose genetic variation could 
cause variations of plant tolerance. The study of pro- 
teome response to drought, saline stress, or ABA showed 
that a large number of proteins are quantitatively or quali- 
tatively affected by this stress: Ramani and Apte [go] 
detected 35 salinity stress-induced and 17 repressed 
polypeptides in rice seedlings. Costa eta/. [91] found 38 
proteins affected by drought in needles of maritime pine, 
24 of them being induced. Riccardi et a/. [92] found 78 
proteins affected in growing parts of maize leaves, 50 of 
which were being upregulated. 
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example is given by the maize ASR1, a protein of 
unknown function, that was first described by lusem ef a/. 
[99] as inducible by ABA, water stress, and fruit ripening. 
This protein was found to be induced by drought in only 
one of the two parental lines of the studied cross. The 
PQL regulating the expressionlnonexpression of this pro- 
tein was localized to chromosome 10. The cDNA was iso- 
lated by M. Hoefer and P. Westhoff (unpublished data), 
and by using it as a probe, it was localized to the same 
location as the PQL on chromosome 10. Very likely the 
PQL is the gene itself, i.e., there is a polymorphism within 
or close to the coding region that affects the expression 
upon drought. In the same region of chromosome 10, 
QTLs for leaf senescence and anther-silking interval (a 
symptomatic trait of the effect of drought on maize) were 
detected. Work is in progress to confirm the role of this 
protein in the degree of leaf senescence [84]. 

Proteome analysis allowed the identification of proteins 
already known as typically water-stress-induced: late 
embryogenesis abundant (LEA) proteins, dehydrins [92, 
931, but also of other proteins: some are related to protec- 
tion against possible damage caused by stress (protease 
inhibitors, heat shock proteins, enzymes related to oxida- 
tive stress), others are related to other metabolic func- 
tions (e.g., glycolysis, lignin synthesis) or are of still 
unknown function [91, 92, 94-97]. 

Protein response depends on the type of stress: Leone et 
a/. [98] showed that the protein response fo Solanurn 
tuberosum cell suspensions abruptly submitted to low 
water potential was different from the response to gradual 
decrease of the water potential. ABA also induced most 
of proteins induced by abrupt treatment. The interaction 
of hormones with response to drought has also been 
studied: Leymarie et a/. [58] compared the response of 
Arabidopsis auxin-insensitive mutants faced with drought, 
and were able to identify polypeptides whose regulation 
upon drought was modified by the mutations. Of course, 
response to water stress is also organ-dependent; roots 
and leaves show different responses ([92]; Zivy, unpub- 
lished results). 

A large genetic variability of protein response to drought 
has been found in maritime pine and maize [91, 921. For 
these species, the “candidate protein” strategy is being 
used in order to identify physiological, possibly causal, 
relationships between protein expression and tolerance to 
drought. The starting point of this strategy is that if a 
quantitative phenotypic trait is at least partially controlled 
by the quantity of a protein, then the genetic variation of 
the protein quantity should cause variation of the pheno- 
typic trait. Thus, a locus that affects protein quantity 
should also affect the phenotypic trait: PQLs and QTLs 
detected on the same segregating population should be 
found at the same location on genetic maps. By looking 
for colocalization of QTLs (in this case, QTLs of traits 
related to plant response to drought) with PQLs of pro- 
teins involved in the studied trait (proteins induced by 
drought), one adds a genetic argument to a physiological 
argument, to support the hypothesis of a causal relation- 
ship between proteic and phenotypic variation. A recent 
study on maritime pine showed that for a given protein, 
the genetic control involved largely different elements in 
standard as compared to water stress conditions [77]. In 
maize, three PQLs were detected for a drought-induced 
protein, which were mapped to the same chromosomal 
region as QTLs for growth under water deficit, on three 
chromosomes. The alleles of PQLs responsible for high 
amounts were associated with POL alleles for restricted 
growth. Further experiments are needed to investigate a 
possible role of this protein in the trait variation. Another 

9 Plant protein databases 

The availability of standardized and reproducible proce- 
dures for the analysis of proteins by 2-DE made large- 
scale investigations possible. In combination with protein 
identification with the help of various approaches (e.g., 
protein immunodetection, microsequencing, mass spec- 
trometry of peptides, etc.), this allows one to compile 
extensive information about protein expression. Such 
information can then be stored in protein databases, 
together with links to other kinds of databases. Table 1 
summarizes the main features of plant protein databases 
presently accessible through the Internet. Available data- 
bases concern the plant model Arabidopsis thaliana, 
important crop species such as rice or maize, and the 
woody plant Pinus pinaster. All offer clickable images of 
2-0 gels with links for annotated proteins, and most of the 
latter are identified (Fig. 5). In terms of analysis of 
genome expression, all these databases include compari- 
sons of polypeptide patterns in various plant organs (root, 
leaf, stem, bud, seed) or tissues (callus, xylem, phloem), 
or between genotypes. In addition, physiological data are 
also available in some cases, such as effects of seasonal 
variations or water deficit on maritime pine needle pro- 
teins, as well as genetic data such as the localization of 
the corresponding genes on a linkage map. 

Among genome-wide approaches, one unique advantage 
of proteomic investigations is that they give access to the 
analysis of genome expression at the subcellular level. 
This opportunity was first examined in tobacco [51, 1001. 
A striking result was the observation of an unexpectedly 
high plasticity of the plasma membrane proteome during 
plant development, even under constant environmental 
conditions. In a more comprehensive work on Arabidop- 
sis, a similar approach led to the demonstration that 
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Table 1. Progress with plant proteomes 

Species Proteins Reference WWW address 
characterized 
(“A identified) 

Genome 
project 

Arabidopsis 57 (63%) 

150 (50%) 
thaliana 62 (56.5%) 

Oriza sativa 50 (58%) 
59 (56%) 
51 (53%) 

Pinus pinaster 65 (90%) 

Zea mays 74 (48.5%) 
80 (67.5%) 

[1131 
Zivy, M. 
(unpublished) 

www.rs.noda.sut.ac.jp/-kamom/2de/2d.html [lo31 

sphinx.rug.ac. be:8080/ppmdb/index. html 
wwr.rs.noda.sut.ac.jp/-kamom/2dc/2d.html [lo61 

[1071 
[1091 

moulon.inra.fr/imgd [1141 
[1151 

www.pierroton.inra.fr/genetics/2D/ [1111 
[1121 

PI 
kDa 

94 

6 5 

67 

43 

30 

20.1 

14.4 

Figure 5. Arabidopsis plasma membrane annotated map, an example of available plant proteome 
resources (http://sphinx.rug.ac.bc:8080/ppmbd/index.htmI.) 

numerous membrane peripheral proteins display various 
subcellular locations in the cell [66]. On the other hand, 
as for other biological materials, the access to very hydro- 
phobic proteins appears to constitute a limitation of pro- 
teomic approaches in plants. However, recent improve- 

ments were reported with the use of new detergents [68, 
1011. 

Another important feature of annotated protein databases 
is that they create links with genome projects. In fact, all 
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of the available databases concern plant species for 
which systematic sequencing was undertaken (Table 1 ), 
either at the genomic level (Arabidopsis) or at the 
expressed genome level (ESTs: Arabidopsis, corn, rice, 
pine tree). Interestingly. in the case of the Arabidopsis 
plasma membrane database, numerous proteins were 
found to correspond to unknown ESTs, thus giving the 
first information on the subcellular expresion of the encod- 
ing genes. Furthermore, using both 2-D gel data and 
high-density filters immobilizing Arabidopsis ESTs, this 
allowed the first comparison in plants between the accu- 
mulation of transcripts and that of corresponding proteins 
(Scheideler eta/., unpublished results). 

10 Conclusions 

As can be deduced from the examples given above, pro- 
teomics has become an essential field of research in plant 
biology where the combined approaches of genetics, 
physiology and molecular biology will, in the coming 
years, provide essential tools to understand the mecha- 
nisms underlying plant growth and development. These 
breakthroughs will permit further improvement of crops 
and crop management by furnishing new tools to plant 
breeders. As in medicine and, more generally, in the 
"mainstream" of biology [116, 11 71 proteome approaches 
are of the foremost importance in plant sciences. 

The large genetic variability of gene expression seems to 
be a major biological fact. With the advent of chiphicro- 
array methods for analyzing the expression of thousands 
of genes simultaneously [118, 1191, proteome analysis 
will represent an essential complement for studying the 
physiological consequences of this variability. Thus pro- 
teomics appears to be a relevant field for the study of the 
relationships between genotype and phenotype. 
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In recent years, genomics has increased the understanding of many diseases. Proteo- 
mics is a rapidly growing research area that encompasses both genetic and environ- 
mental factors. The protein composition represents the functional status of a biological 
compartment. The five approaches presented here resulted in the detection of dis- 
ease-associated proteins. Calgranulin B was upregulated in colorectal cancer, and 
hepatoma-derived aldose reductase-like protein was reexpressed in a rat model during 
hepatocarcinogenesis. In these two investigations, attention was focused on one pro- 
tein, obviously differing in amount, directly after two-dimensional electrophoresis 
(2-DE). Additional methods, such as enzyme activity measurements and immunohisto- 
chemistry, confirmed the disease association of the two candidates resulting from 
2-DE subtractive analysis. The following three investigations take advantage of the 
holistic potential of the 2-DE approach. The comparison of 2-DE patterns from dilated 
cardiomyopathy patients with those of controls revealed 25 statistically significant 
intensity differences, from which 12 were identified by amino acid analysis, Edman 
degradation or matrix-assisted laser desorptionlionization-mass spectrometry (MALDI- 
MS). A human myocardial 2-DE database was constructed, containing 3300 protein 
spots and 150 identified protein species. The number of identified proteins was limited 
by the capacity of our group, rather than by the principle of feasibility. Another field 
where proteomics proves to be a valuable tool in identifying proteins of importance for 
diagnosis is proteome analysis of pathogenic microorganisms such as Borrelia burg- 
dorferi (Lyme disease) and Toxoplasma gondii (toxoplasmosis). Sera from patients 
with early or late symptoms of Lyme borreliosis contained antibodies of various classes 
against about 80 antigens each, containing the already described antigens OspA, B 
and C, flagellin, p83/100, and p39. Similarly, antibody reactivity to seven different 
marker antigens of T. gondii allowed differentiation between acute and latent toxoplas- 
mosis, an important diagnostic tool in both pregnancy and immunosuppressed 
patients. 

Keywords: Borrelia / Colorectal cancer / Dilated cardiomyopathy / Hepatocellular carcino- 
mas / Toxoplasma / Review EL 3500 
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1 Introduction 

Disease may be caused by an exchange of single base 
pairs within the genome. The resulting exchange of Glu to 
Val in position 6 of p-hemoglobin leads to sickle-cell ane- 
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mia if both alleles are affected. However, most diseases 
are more complex and the elucidation of pathomechan- 
isms is more complicated. Methods adequate to deal with 
this complexity are necessary for understanding the mo- 
lecular mechanisms involved during disease develop- 
ment. As the acting macromolecules in cells, proteins are 
the main candidates for disease targets. Today, the only 
method for resolving proteins from complex mixtures like 
cells or tissues is two-dimensional electrophoresis (2- 
DE). The technique with the highest resolution separates 
10 000 protein species in one experiment [I]. The term 
"protein species" describes a chemically clearly defined 
molecule [2]. 

Different strategies for the identification of proteins from 
gels have been developed and are summarized by Jung- 
blut et a/. [2]. Two mass spectrometric methods have 
been established for protein identifications from gels: 
matrix-assisted laser desorption/ionization (MALDI-MS) 
[3] and electrospray ionization (ESI-MS) [4] mass spec- 
trometry. Both strategies have the potential to identify 
even low intensity spots on 2-DE gels, and post-transla- 
tional modifications may also be analyzed. The sensitivity 
of 2-DE-separated protein identification was improved in 
the last ten years from about 50 pmol to 100 fmol. For 
identification of proteins from organisms with completely 
sequenced genomes, peptide mass fingerprints are suffi- 
cient for identification (Jungblut et a/., submitted). These 
fingerprints may be obtained by MALDI-MS or ESI-MS. If 
there is no corresponding gene sequence of the protein 
under investigation in the sequence databases, protein 
sequence information is necessary to find the gene within 
the organism or to identify the protein by comparison with 
proteins of other organisms in the sequence databases. 
Sequence information is obtained by Edman degradation 
[5]. post-source-decay MALDI-MS [6], or fragmentation in 
an ESI mass spectrometer [7] with extreme sensitivity 
using nanospray ESI-MS [a]. The comprehensive investi- 
gation of the proteins of a biological compartment has 
been named systematic analysis of proteins [9], proteins 
analyzed on a genomic scale [ lo] or proteome analysis 
[ I  11. An overview is shown in Fig. 1. 

The potential of 2-DE in clinical investigations was recog- 
nized with the first publications of the combination of iso- 
electric focusing with SDS-PAGE [12-151. The state of 
the art of the beginning 1980s was summarized in the two 
special issues of Clinical Chemistry from 1982 [ 161 and 
1984 [ 171. The journal Electrophoresis has continued this 
tradition [18, 191. Hochstrasser [20] and Hochstrasser 
and Tissot [21] reviewed clinical applications extensively. 
2-DE databases contain disease-associated proteins 
resulting from, for example, skin diseases [22], bladder 
cancer [22] and heart diseases [23-261. One excellent 
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Figure 1. Proteome analysis. Strategies to detect and 
analyze disease-associated proteins. 

example is the detection of the disease-associated spots 
130/131, selectively present in the cerebrospinal fluid of 
patients with Creutzfeldt-Jakob disease, and identified as 
members of the 14-3-3 protein family [27]. 

Here we review some aspects of our approaches con- 
cerning the detection and characterization of disease- 
associated proteins. We used 2-DE analysis for two can- 
cer investigations with the aim to reduce our view for the 
moment to only one tumor-associated protein, each. The 
tumor association was confirmed by enzyme activity 
measurements or by immunohistochemistry. The dilated 
cardiomyopathy approach has shown that series of dis- 
ease-associated proteins may be elucidated and identi- 
fied. A myocardial 2-DE database has been established. 
Proteomics of microorganisms has the advantage of a 
reduced number of genes, a clear definition of surround- 
ing parameters, and if the genome is sequenced, an easy 
identification of the protein species. It helps to detect anti- 
gens, virulence factors and vaccine candidates. 
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2 Proteome analysis for the detection of 

2.1 Colorectal cancer 
Colorectal tumorigenesis is a multistep process involving 
numerous gene mutations leading to the loss of function 
of tumor suppressor genes, as well as the activation of 
oncogenes [28]. Yet, the precise mechanism by which 
tumors develops remains elusive. Recently, we have 
started a project directed towards the analysis of polypep- 
tide changes associated with malignant transformation of 
colon mucosa. We ran 2-DE of 15 colorectal carcinomas 
and 13 samples of normal colonic epithelia. The polypep- 
tide pattern in each sample was computer-evaluated 
using Melanie I 2-DE analysis software. In this way, we 
formed master gels of tumor tissue and normal colonic 
mucosa containing 882 and 861 spots, respectively. By 
comparing these master gels we detected a protein with a 
molecular mass of 13 kDa and a p l  value of 5.6, whose 
expression was restricted to tumor tissue only (Fig. 2 A, 
B). The results show that from the group of 15 carcinomas 
the 13/56 protein was upregulated in 13 samples (87%). 
Furthermore, this protein was detected in all cases of 
early localized adenocarcinomas in B stage and left-sided 
adenocarcinomas, which were predominant in our collec- 
tion. 

tumor-associated proteins 

To verify the presence of 13/5.6 protein in precancerous 
lesions we performed 2-DE analyses of 7 adenomoatous 
polyps differing in the degree of dysplasia. We found an 
overexpression of 13/56 protein in both cases of polyps 
with a moderate degree of dysplasia (Fig. 2C) and also in 
polyps of low-degree dysplasia collected from patients 
suffering either from colorectal carcinoma or ulcerative 
colitis for 24 years. In contrast, the remaining polyps of 
low-degree dysplasia expressed only barely detectable 
amounts of the 13/56 protein (Fig. 2D). For the identifica- 
tion of 13/56 protein we first tried to compare our 2-DE 
maps with the reference protein map of liver tissue 
located on the ExPASy molecular biology server [29] or 
with the 2-DE protein map of colon carcinoma cell lines 
(301, but a distinct assignment was not possible. There- 
fore we used 16 spots directly excised from 2-DE gels for 
internal sequencing. After trypsin digestion in the gel and 
separation of the resulting peptides by pHPLC, internal 
sequencing of two peptides was successful. We obtained 
two sequences, LGHPDTLNQ and VIEHMEDLDTNADK, 
that matched perfectly the sequences of two peptides 
from calgranulin B. The identity of calgranulin B was fur- 
ther verified by MALDI-MS analysis of several HPLC-sep- 
arated peptide fractions [31]. This finding of high specific- 
ity of calgranulin B for preneoplastic and neoplastic 
tissues extends the earlier results describing the elevated 
levels of heterodimeric protein calprotectin, composed of 

Mr 

Figure 2. Comparison of 13/56 protein expression in 
normal, preneoplastic and neoplastic colonic mucosa. 
Only the 13/56 protein regions from originally silver-stain- 
ed 2-DE protein patterns are shown. For 2-DE immobi- 
lized pH gradient IEF was combined with SDS-PAGE. 
(A) Control colonic tissue; (B) colon adenocarcinoma; 
(C) adenomatous polyp with moderate dysplasia; 
(D) tubulovillous polyp with low grade dysplasia. 

calgranulin B and A, in samples of stool collected from 
patients suffering from gastrointestinal neoplasia [32]. 
The exact function of calgranulin B or calprotectin in the 
progress of malignant transformation needs to be further 
clarified. 
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The expression of the two aldose reductase isoforms is 
modulated by growth factors. An identical increment of 
both types was found in transformed rat liver cell lines 
after fibroblast growth factor 1 (FGF-1) stimulation in vitro. 
This indicates that the two proteins belong to a family of 
growth factor responsive enzymes, but are present in dif- 
ferent isoforrns depending on the physiological or neo- 
plastic state of an organ [34]. lrnmunohistochemistry 
using an FR-1 antibody directed against hepatoma- 
derived aldose reductase-like protein, but not against lens 
aldose reductase, revealed that hepatoma-derived aldose 
reductase-like protein is strongly expressed already in 
preneoplastic and in early neoplastic stages of chemically 
induced hepatocarcinogenesis, but not in normal sur- 
rounding liver tissue (Fig. 4). 

2.2 Hepatocellular carcinomas 

Misprogramming of genetic information in cancer leads to 
quantitative and/or qualitative protein alterations, which 
can be studied by high resolution 2-DE. 2-DE has been 
used successfully to detect tumor-associated proteins in 
chemically induced rat hepatomas. 2-DE in combination 
with protein-chemical methods enabled us to further char- 
acterize these tumor-associated proteins. As described 
previously we detected several protein variants in N- 
methyl-Knitrosourea-induced rat hepatomas by 2-DE 
and identified one of these variants by internal amino acid 
microsequencing as hepatoma-derived aldose reductase- 
like protein (35 kDalpl 7.4) [33, 341. A related aldose 
reductase isoform discovered in rat lens by 2-DE (37 kDa/ 
p l  6.8) disclosed after amino acid microsequencing 80% 
sequence identity to hepatoma-derived aldose reductase- 
like protein but showed 98.5% homology to the known rat 
lens aldose reductase sequence. This suggests that rat 
hepatoma-derived aldose reductase-like protein and lens 
aldose reductase are encoded by two related genes. The 
two aldose reductase isoforms are expressed differently 
in various rat organs. Lens aldose reductase is expressed 
in heart, brain, muscle, lung, duodenum, spleen, kidney, 
bone marrow and erythrocytes, while hepatoma-derived 
aldose reductase-like protein is preferentially expressed 
in hepatomas and in embryonic liver (Fig. 3) [34]. 

Aldose reductase (E.C.1.1.1.21) is a member of the aldo- 
keto reductase superfamily, which catalyses the conver- 
sion of glucose to sorbitol in the sorbitol pathway and is 
involved in the pathogenesis of various diabetic complica- 
tions [35]. Aldose reductase was described as an enzyme 
catalyzing the reduction of various xenobiotic and endo- 
genous compounds involved in detoxification of a broad 
range of substrates [35]. During hepatocarcinogenesis an 
increased level and/or activity of various detoxifying 
enzymes was described, e.g.. placental type of gluta- 
thione-S-transferase (GST-P) [X I ,  or a carcinogen 

Figure 3. Presence of hepatoma-derived 
aldose reductase-like protein (spot 17) and 
lens aldose reductase (p 37) in various rat 
organs, erythrocytes, and serum. Parts of 
2-DE gels prepared with the ISO-DALT system 
(16 x 16 x 0.15 cm) are shown for (a) hepa- 
toma, (b) normal liver, (c) eye lens, (d) muscle, 
(e) heart, (f) brain, (9) serum, and (h) erythro- 
cytes [34]. One hundred pg of soluble proteins 
were separated by 2-DE. Proteins were stain- 
ed by polychromatic silver staining. Repro- 
duced from [34], with permission. 
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guish several types of the disease. In comparison to other 
organs the heart is a relatively homogeneous organ, 
mainly consisting of myocardial muscle cells, and is there- 
fore well-suited for a proteomic investigation by 2-DE. 
Two groups started in the beginning of the 1990s with a 
proteomic investigation of DCM [43, 441. Myocardial 2-DE 
databases were constructed [45, 461 and introduced into 
the Internet [4&49]. Despite the fact that different sample 
preparations, different isoelectric focusing conditions, and 
different gel sizes were used, the interlaboratory compari- 
son has shown that spots identified by protein chemical 
methods appeared at the same positions and identifica- 
tion by pattern comparison was successful in many cases 
PSI. 

Figure 4. lmmunohistochemistry of serial sections of a 
neoplastic region in rat liver. lmmunostaining of Carnoy- 
fixed sections with (A) GST-P antibody as positive control 
(1:1000), and (6) FR-1 antibody recognizing hepatoma- 
derived aldose reductase-like protein (1:75) for 17 h at 
4'C using the avidin-biotin-peroxidase method. Repro- 
duced from [34], with permission. 

metabolizing aldehyde reductase subtype [37] besides 
aldose reductase [38]. Here it was shown that different 
aldose reductase types exist: lens aldose reductase and 
the hepatoma-derived aldose reductase-like protein. 
However, only the hepatoma-derived aldose reductase- 
like protein, primarily expressed as an embryonal enzyme 
but not expressed in adult liver, was reexpressed in rat 
hepatomas. From these results it was concluded that the 
reexpression of rat hepatoma-derived aldose reductase- 
like protein is connected with detoxification processes in 
the liver and might reflect the putative resistance of initi- 
ated liver cells against the toxic action of various carcino- 
gens. Now in human hepatocarcinomas a protein was 
identified as a homolog to rat hepatoma-derived aldose 
reductase-like protein [39]. This human aldose reductase- 
like protein appears to be selectively expressed (as well 
as aldose reductase) in human tissue [39]. 

3 Proteome analysis for the detection of 
dilated cardiomyopathy-associated 
proteins 

Dilated cardiomyopathy (DCM) is a severe heart disease 
leading to heart insufficiency. Most heart transplantations 
are indicated by DCM. Pathomechanisms and molecular 
causes of this disease are unknown. It cannot be 
expected that there is only one pathomechanism leading 
to DCM. Therefore high sample numbers are necessary 
for investigation. International cooperation and standardi- 
zation of sample preparation and the 2-DE technique will 
be prerequisites in the analysis of several hundred sam- 
ples. Multiple cluster analysis [40-42] will help to distin- 

Our high performance 2-DE procedure resulted in the res- 
olution of 3300 myocardial protein species, from which 
150 were identified by amino acid analysis, N-terminal 
and internal Edman degradation, and MALDI-MS. Com- 
parison of 2-DE patterns from biopsies and explanted 
hearts between DCM and control patients have shown 
that the patterns are comparable. The assignment of 
most of the spots is possible. Nevertheless, there are 
many nonreproducible spot intensity variations, probably 
caused by different forms of the disease or by parameters 
such as disease stage, medication used, age, etc. How- 
ever, a comparison of DCM atria with controls revealed 
25 statistically significant differences [50]. We were able 
to identify 12 of these protein species (Fig. 5). Protein 
expression characteristics of DCM-associated proteins 
are also presented via Internet [51]. These results demon- 
strate the principal practicability of the approach. Biomed- 
ical significance will be obtained only in large-scale inves- 
tigations including several hundred samples. Because 
these large numbers of samples were not available, we 
reduced our investigation to one protein family. Affinity- 
purified polyclonal antibodies against heat-shock protein 
27 (Hsp27) recognized 59 protein species of the large gel 
myocardial 2-DE pattern [52]. Nine of these protein spe- 
cies were confirmed to belong to the Hsp27 protein by 
MALDI-MS peptide mass fingerprinting and post-source- 
decay sequencing. Differences of spot intensity within the 
Hsp27 protein family between DCM and controls have 
been described [53]. A detailed study is in progress (to be 
published). 

The preliminary biomedically relevant results of these 
investigations are 12 identified proteins with their func- 
tions, whose amounts are either increased or decreased 
in DCM patients. These proteins can now be investigated 
by other methods, such as immunohistochemistry, 
enzyme activity testing, etc., to confirm the disease-asso- 
ciation, but more demanding is a large-scale subtractive 
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Figure 5. Protein composition of human myocardium from atrium. One hundred and fifty pg of myocardial protein were 
separated by NEPHGE combined with SDS-PAGE with a gel size of 23 cm X 30 cm x 1.5 mm. DCM patterns were compar- 
ed with control patterns and spots marked with an arrow were found to show statistically significant differences in intensity 
between disease and control samples. Spots marked with an arrow and a number were identified: 1, ATP synthase, 
p-chain; 2, ATP synthase; 3, creatine kinase, sarcomeric mitochondrial; 4, 3-oxoacyCCoA thiolase; 5, isocitrate dehydro- 
genase; 6, serum albumin fragment; 7, a-crystallin, El-chain; 8, cytochrome c oxidase polypeptide VIB; 9, fatty acid-binding 
protein; 10, haptoglobin fragment: 11, hemoglobin a-chain; 12, hemoglobin p-chain. 
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analysis of myocardium including several hundred well- 
defined samples of DCM and controls to realize the 
potential of the methods improved so far. 

4 Proteome analysis of pathogenic 

The increasing importance of the analysis of infectious 
diseases for the health of the world's population has been 
stressed by the World Health Organization (WHO) for 
several years [54]. New infectious agents such as Borrelia 
burgdorferi, HIV, or the Ebola virus appeared in addition 
to old diseases long thought to be controlled, such as 
tuberculosis, multidrug restistant Streptococcus infections 
or the opportunistic pathogens, which achieved new 
importance with the current AIDS epidemic such as Toxo- 
plasma. Therefore, the analysis of the proteomes of viru- 
lent microorganisms is a demanding task for the elucida- 
tion of virulence factors, antigens and vaccines, all 
important for diagnosis, therapy and protection. The 
genomes of eighteen microorganisms have been 
completely sequenced [55] and more than 60 further 
microorganism genomes are under investigation. The 
complete gene sequence information and the restricted 

microorganisms 

number of genes in contrast to eukaryotic tissues are 
ideal prerequisites for proteomic investigations. 

4.1 Detection of immune-relevant proteins in 
Borrelia garinii 

The spirochete Borrelia burgdorferi is the causative agent 
of a multisystemic disease termed Lyme disease, charac- 
terized by an initial erythematous annular rash and flu-like 
symptoms, which proceed towards neurological complica- 
tions and arthritis in about 50% of untreated patients. 
Three species have been delineated for Borrelia burgdor- 
feri sensu lato: 8. burgdorferi sensu stricto, 8. garinii, and 
B. afzelii. Borrelia burgdorferiis transmitted by ticks of the 
genus lxodes. Although the diagnosis is primarily based 
on clinical findings, it may be assisted by the results of 
serological tests like ELISA or immunoblot. These assays 
are not standardized, resulting in tests with various levels 
of sensitivity and specificity. In the United States, the 
Centers for Disease Control and Prevention (CDC) rec- 
ommend a two-step approach to serological diagnosis. 
For screening, an ELSA should be performed. Positive 
results should then be confirmed by immunoblotting [56]. 
The immunoblot interpretation advanced the following cri- 

Figure 6. Protein pattern of Borrelia garinii. B. garinii proteins were separated by 2-DE, combining 
NEPHGE-IEF with SDS-PAGE, gel size 7 X 8 cm, and silver stained (571. Six proteins were identified 
by immunostaining. Only one of them, p83/100, occurred as a single spot on the pattern. 
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teria for positive immunoblots: for IgM immunoblots at 
least two of the following three bands, OspC, 39, 41 [57] 
and for IgG immunoblots at least five of the ten following 
bands, 18, OspC, 28, 30, 39, 41, 45, 58, 66, 83/100 (581. 
Standardization of immunoblots has not been established 
so far in Europe. Hauser eta/. [59] tried to define interpre- 
tation criteria for all strains of Borrelia burgdorferi. We 
found that the immunoblot criteria recommended by the 
CDC were both very sensitive and specific. 

5. burgdorferi contains 853 genes in its chromosome and 
additionally 430 genes on 11 plasmids [60]. Our prelimi- 
nary 2-DE gels of 5. garinii and 5. burgdorferi sensu 
strict0 (strain 831) resolved about 300 spots. A compari- 
son of silver-stained small gels (7 x 8 cm) [61] with large 
gels (23 x 30 cm) [ I ]  resulted in nearly the same spot 
numbers. Therefore, we used the small-gel technique for 
the detection of immune-relevant antibodies. We num- 
bered 217 spots of silver-stained small gels of 5. garinii 
(Fig. 6) and identified six known antigens by immunoblot- 
ting using polyclonal antibodies derived from rabbits: 
outer surface protein (Osp) A (BBA15), OspB (BBAIG), 
OspC (BBB19), p83/100, p39, and flagellin p41 (88147). 
With one exception, p83/100, all of these antigens occur- 
red with more than one spot on the 2-DE pattern of 6. gar- 
inii. Sera of patients with different manifestations of Lyme 
borreliosis were tested with 5. garinii 2-DE blots. Sera of 
ten patients with erythema migrans stained 60 and 88 
antigens on the 6. garinii2-DE pattern using anti-lgM and 
anti-lgG secondary antibodies, respectively. Sera of 
arthritis patients contained IgM antibodies against 15 anti- 
gens and IgG antibodies against 76 different antigens. 
Sera of late neuroborreliosis patients had IgM-antibodies 
against 33 antigens and IgG-antibodies against 76 anti- 
gens. The sera of patients from the three disease stages 
contained antibodies against the known antigens OspA, 
OspB, OspC, flagellin, p83/100 and p39. confirming 
results from SDS-PAGE blots. Additionally, many previ- 
ously not described antigens were resolved, all of which 
are potential diagnostic markers. A detailed description of 
these results is in preparation. 

4.2 Detection of antigens in Toxoplasma gondii 

The parasitic infection toxoplasmosis is caused by the 
protozoa Tomplasma gondii. Approximately 30% of the 
global population carries this parasite and in Europe toxo- 
plasmosis is one of the most frequent infectious diseases. 
The obligate intracellular organism T. gondii exists in two 
forms in humans, the actively proliferating trophozoites 
(or tachyzoites) and the slower growing bradyzoites. Phy- 
logenetic and statistical analysis indicated a highly 
unusual population structure consisting of three wide- 
spread clonal lineages [62]. Furthermore, the studies of 

Saavedra et a/. [63] and Suggs et a/. [64] showed that 
antigenic differences exist among the three Toxoplasma 
groups. Regardless of the host or geographic origin, the 
virulent strains of T. gondii comprise one of these three 
lineages [65]. In healthy persons, infections with T. gondii 
are generally mild or asymptomatic, but if acquired for the 
first time during pregnancy, the parasites may cross the 
placenta and often cause fatal infection of the fetus. Since 
the probability of transmission increases with time of 
pregnancy and is highest at the end of pregnancy, it is 
essential to assess the time of acquisition. On the other 
hand, the consequences of infection are more severe dur- 
ing organogenesis in the early phases of pregnancy. Dur- 
ing later stages of pregnancy, fetal infection often results 
in persistent infections with a high risk of late complica- 
tions such as retinochorioiditis. Approximately half of the 
acute maternal infections result in congenital diseases in 
the newborn. If the mother is adequately treated during 
pregnancy, fetal infections are less frequent and the 
sequels of infection are less severe. 

Up to 90% of primary infections in pregnant women are 
not recognized [66]. At present, detection is exclusively 
based on serological screening and PCR. The use of the 
present serological methods for the detection of IgG. IgM 
and IgA antibodies alone is insufficient to assess the risk 
of the active disease, especially during pregnancy and in 
immunocompromised patients. Reactivation of a latent 
infection occurs frequently in immunocompromised pa- 
tients. In AIDS patients, T. gondii is the main reason for 
intracerebral lesions which are often lethal. Therefore 
early detection of the disease is crucial for an effective 
therapy. T. gondii RH strain (kindly provided by Dr. Jan- 
itschke, Robert Koch Institute, Berlin, Germany) was 
maintained by serial passages in the human amnion cell 
line FL521 (kindly provided by Prof. Kruger. Institute of 
Virology, Charite, Berlin, Germany). 2-DE [61] resolved 
about 300 spots in silver-stained small gels (7 X 8 cm; 
Fig. 7). By immunoblotting we compared sera from 
(i) pregnant women with acute toxoplasmosis ( n  = ll), 
(ii) nonpregnant patients with acute toxoplasmosis ( n  = 
6), and (iii) patients with latent toxoplasmosis ( n =  9). Sec- 
ondary antibodies to IgG, IgM, IgA, and IgE were used to 
differentiate the immunoglobulin classes. Nine spots 
reacted with all classes of immunoglobulins independ- 
ently of the state of the infection. These spots are mark- 
ers for infection with T. gondii. Seven markers may be val- 
uable to distinguish between different stages of disease 
(see Fig. 7). Spot 1 reacted only with IgA and IgE, spots 
2-4 with IgA and IgM, spot 5 with IgA, IgM, and IgE, and 
spot 6 with IgE in sera from patients in the acute state. 
Spot 7 reacted with all antibody classes in sera from 
patients in latent and acute disease states. Whereas the 
reaction of spot 7 with all antibody classes was found in 
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Figure 7. Protein pattern of Toxoplasma gondii RH. T. gondii proteins were separated by 2-DE, com- 
bining NEPHGE-IEF with SDS-PAGE, gel size 7 x 8 cm, and silver stained [61]. M, and p l  were cali- 
brated with 2-DE marker proteins (Bio-Rad, Munich, Germany). Spots marked with numbers are 
potential diagnostic markers with the following p l  and Mr characteristics: 1,  32.5R.4; 2, 33.1145; 
3,73.0/5.7; 4, 32.416.4; 5, 34.014.3; 6, 17.318.6; and 7, 57.1157. 

sera from all patients with latent toxoplasmosis, not all 
antibody reactivities specific for the acute state were pres- 
ent in all acute-phase patients. Therefore only a combina- 
tion of several antigens will help to distinguish between 
acute and latent phase. The seven antigens found are 
candidates for diagnostic markers. 

5 Concluding remarks 

Two-dimensional electrophoresis acts like a molecular 
microscope. Complex protein mixtures are separated into 
distinct protein species. Subtractive analyses comparing 
disease with controls elucidate disease-associated pro- 
teins. At the stage of subtractive analysis the approach 
has the potential to unravel complex networks of protein 
interactions. This ultimate goal will be reached after auto- 
mation of 2-DE and identification of proteins from 2-DE 
spots. At the moment an early reduction to obvious differ- 
ences between disease and control 2-DE patterns allows 
the detection of single disease-associated proteins. Cal- 
granulin B and hepatoma-derived aldose reductase-like 

protein have been confirmed by biochemical and immuno- 
logical methods to be cancer-associated proteins. The 
investigation of DCM showed that, in principle, a proteo- 
mic approach is successful, but international cooperation 
in necessary for the collection of the necessary sample 
amount and a large-scale investigation promises better 
understanding of the molecular mechanisms of DCM. The 
proteomic investigations on microorganisms show the 
value of the proceeding for the detection of antigens and 
even the possibility to distinguish between different dis- 
ease stages. These are prerequisites for the development 
of effective diagnostic tests. 
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Within the framework of a pilot project on the analysis of the mouse proteome, we in- 
vestigated C57BU6 mice (Mus musculus), a standard inbred strain of the mouse, start- 
ing with the analysis of brain, liver and heart proteins. Tissue extraction and the sepa- 
ration of proteins were performed with techniques offering a maximum of resolution. 
Proteins separated were analyzed by mass spectrometry. Gene-protein identification 
was performed by genetic analyses using the European Collaborative lnterspecific 
Backcross (EUCIB), established from the two mouse species Mus rnusculus and Mus 
spretus. On the basis of protein polymorphisms we mapped hundreds of genes on the 
mouse chromosomes, allowing us new insight into the relationship between genotype 
and phenotype of proteins. In particular, the results showed that protein modifications 
can be genetically determined, therefore representing their own class of protein pheno- 
types. In this context, results are discussed suggesting that phenotypes of single pro- 
tein species may result from several genes. Accordingly, proteins are considered as 
polygenic traits. In contrast, one example demonstrates that proteins may also have 
pleiotropic effects: a single gene mutation (a single altered protein) may affect several 
other proteins. From these studies we conclude that gene-related functional proteo- 
mics will show in the future that genetic diseases, defined today by clinical symptoms 
and considered as etiological entireties, can be subdivided into different diseases ac- 
cording to different affected genes. 

Keywords: Mouse / Two-dimensional polyactylamide gel electrophoresis / Functional proteomics 
/ Gene function / Polygenic diseases EL3413 
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1 Genotypes and phenotypes 

It is well known what a gene is, but what is a genotype? 
We always obtain one half of our genes from the mother, 
the other half from the father. Consequently, we have 
each gene twice - the two alleles of every gene, and this 
is brought about by the two homologous chromosomes. 
Frequently, however, the two alleles of a gene differ 
slightly from one another, due to mutations. These muta- 
tions are usually spontaneous point mutations which lead 
to amino acid substitutions. In principle, a point mutation 
may occur in the maternal allele, in the paternal allele, or 
in both alleles of a gene. These three possibilities are de- 
scribed by the term “genotype”: a gene a and its mutant 
allele a‘ may create the genotypes aa (hornozygous, wild 
type), ad (heterozygous), and a’a‘ (homozygous, mutant 
type). Considering two different natural populations, the 
chance that the two alleles of a gene differ is higher the 
greater the genetic distance is between the two popula- 
tions. For comprehensive genetic investigations in an 
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organism it is an advantage if many genes show an allelic 
variation in this organism. Working with mice, instead of 
with human populations, one can take the mother from 
one strain and the father from another strain, or even from 
another species, to reach a maximum in the genetic dis- 
tance between the parents. Moreover, taking inbred 
strains, all the genes show the homozygous genotype, 
which facilitates genetic studies considerably. In our in- 
vestigations, for example, we use the two mouse species 
Mus musculus (strain C57BU6; B6) and Mus spretus 
(SPR). Because these two strains belong to different spe- 
cies, the genetic distance is relatively large. On the other 
hand, the genetic distance in this case is within a range 
where cross breeding (at least in the direction B6 x 
SPR 3) is still possible. 

1.1 Definition of phenotype 

A gene creates a phene, Le., a "visible" character, and be- 
cause a mutation in a gene may alter its phene, the three 
genotypes of a gene usually create three different pheno- 
types. According to King and Stansfield [l], the term phe- 
notype is defined as the observable properties of an 
organism produced by the genotype (in conjunction with 
the environment, see below). In the classical sense of ge- 
netics, observable properties are external traits of an 
organism, such as the hair color of the mouse, morpho- 
logical characteristics of an animal, or clinical symptoms 
in humans. Nowadays, however, many different instru- 
ments and techniques are available (e.g., microscopes, 
physiological tests, electrophoresis, molecular analytical 
techniques) that allow us to observe properties of an 
organism on many different levels of gene expression. 
Therefore, one may distinguish between morphological, 
physiological, biochemical, and molecular phenotypes, 

the latter including phenotypes of proteins and mRNAs 
(Fig. 1). 

1.2 Relationship between genotype and 

Figure 1 may imply that the relationship between geno- 
type and phenotype is a linear one. This, however, is not 
the case. On the contrary, any phenotype may be the re- 
sult of the genotype of more than one gene, most likely of 
many genes, which may, however, contribute to a pheno- 
type to a different extent (major and minor genes). More- 
over, environmental factors may modify a phenotype. 
This leads us into a dilemma if we try to determine the 
precise and specific functions of a particular gene. The 
function of a gene is reflected by its phene. But where is 
the place on the long road from the genes to the external 
traits of an organism that most directly and specifically re- 
veals the function of a gene? This question is addressed 
in Fig. 2. The DNA sequence of a gene tells us nothing 
about its function. The mRNA is somewhat more informa- 
tive in this respect. If a distinct mRNA species occurs, for 
example, in the brain, but in no other tissue, we may con- 
clude that the function of this mRNA species has some- 
thing to do with brain functions. The cellular concentration 
of the different mRNA species reflects the degree of activ- 
ity of the corresponding genes, but does not necessarily 
correlate with the concentration of the proteins translated 
from these mRNAs. Therefore, quantitatively, mRNAs are 
not very informative with regard to gene function. The 
next level in gene expression, the protein level, reflects 
gene function to a much higher degree. 

phenotype 

The protein of a gene offers all the molecular structures 
and properties needed to fulfill the functions of a gene. 

Figure 1. Genotype-phenotype 
relationships and a strategy to 
analyze normal genetic traits 
and genetic diseases. 
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network of metabolic pathways. The metabolic pathways 
further obscure the specific function of a gene. Many 
genes ( 1 1 ,  1 1 1 ,  ...) contribute to the cascades of metabolic 
reactions which lead to phenotypes of higher levels, and 
finally to the external genetic traits of an organism. In this 
complex process of gene expression, the proteins offer 
the most suitable target for gaining information about spe- 
cific functions of individual genes. Elucidating gene func- 
tions therefore means determining the chemical, bio- 
chemical and biological characteristics of proteins. These 
characteristics include the molecular structure of the indi- 
vidual proteins, the co- and post-translational modifica- 
tions, the binding properties of the various protein spe- 
cies, the quantitative properties (such as synthesis rate, 
cellular concentration and degradation rate), and all the 
biological characteristics of proteins: tissue specificity, 
cell structure and organelle specificity, sex specificity, 
specificity to the various stages of embryonic and postna- 
tal development, and specificity to the stages of aging. 

Figure 2. The progression from genotypes to pheno- 
types is shown in some detail to illustrate the problem of 
determining the specific function of a gene. On the way 
the proteins are in a particular position. On the one hand 
they are still directly related to the individual genes, and, 
on the other hand, they offer all the molecular properties 
necessary to interact with other molecules to fulfill the 
functions of the individual genes. At higher levels of gene 
expression other genes and epigenetic factors become 
involved in creating distinct phenotypes so that the specif- 
ic function of genes, i.e., their specific contribution to a 
distinct phenotype, becomes more and more obscure. 
The special case is shown in which even the function of a 
single protein depends on two genes: the molecular reac- 
tion from B to C needs the presence of protein I ,  but pro- 
tein I can fulfill its function only in connection with protein 
X (see Section 1.2). 

For example, protein X of gene X (Fig. 2) may occur spe- 
cifically in the cell nuclei and show a sequence motive for 
DNA binding. We would assume that the function of this 
gene concerns the regulation of the transcription of a par- 
ticular structural gene I. This would be the most direct and 
specific information about function obtainable from gene 
X. This information, however, is soon obscured if other 
proteins (transcription factors XI, XII) are necessary to ac- 
tivate target gene, gene I by interacting with protein X. 
"Activation of gene I" is then no longer the function of 
gene X, but the combined function of gene X+XI+XII. 
Here, the path from genotypes to phenotypes enters the 
network of gene regulation, and, in a broader sense, the 

1.3 Two-dimensional electrophoresis 

Two-dimensional electrophoresis (2-DE) is a unique 
method for large-scale protein characterization. By com- 
paring 2-DE protein patterns from different tissues, cell 
fractions, and developmental stages, proteins can be 
characterized according to different biological parame- 
ters. Western blotting followed by immunologically based 
procedures for glyco- or phospho-staining allows the 
detection of post-translationally modified proteins. The 
structure of proteins can be investigated by extracting 
protein spots from 2-DE gels and employing analytical 
techniques such as mass spectrometry and partial se- 
quencing. Using such a global strategy, individual pro- 
teins, whether known or unknown, become characterized 
according to many different parameters. Taking all the 
features attributed to a distinct protein spot, conclusions 
about the function of that protein - and, consequently, of 
its gene -can be drawn. One may learn, for example, that 
protein spot No. xy is brain-specific, occurs in the mem- 
brane fraction of neural cells late in life, shows increasing 
phosphorylation in the course of aging, and reaches high- 
er levels in cellular concentration in males than in fe- 
males. One may conclude that this protein plays a role in 
the process of aging. 

After proteins have been characterized in several re- 
spects, the genes of these proteins must be identified, if 
discovering the functions for individual genes is the aim. 
There are, in principle, two ways to detect the gene of a 
particular protein: (i) genetic linkage studies and gene 
mapping on the basis of protein polymorphisms. and 
(ii) mapping genes on a physical map of chromosomes on 
the basis of the sequence homologies between proteins 
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and their corresponding genes. Protein polyrnorphisms in- 
dicate that the gene of this protein exists in different al- 
leles. Protein polymorphisms represent different pheno- 
types of a gene existing in different genotypes. Two- 
dimensional protein patterns offer a unique opportunity to 
detect protein polymorphisms on a large scale, and to ob- 
serve various protein phenotypes. Working with distantly 
related mice, many proteins can be genetically mapped. 
However, in terms of total genomes, one has to realize 
that the vast majority of proteins does not reveal polymor- 
phisms in 2-DE patterns. Additional strategies are neces- 
sary for gene-protein identification, as mentioned above 
in item (ii) and explained elsewhere [2]. 

2 Functional genomics and functional 

The term “genomics” covers the whole genome of a single 
organism, and “genome analysis” means sequencing of 
the total DNA and mapping of all genes of a genome 
(structural genomics [3]). At present, genome analysis is 
performed worldwide in human as well as model organ- 
isms. Genomes of several microorganisms [4] and the 
first genome of a multicell organism (C. elegans) [5] have 
already been completely sequenced. As a consequence 
of the rapidly proceeding genome projects, subject and 
aim of the post-genome (post-sequence) era are prob- 
lems of current interest. It is, however, already commonly 
agreed that the topic of the coming era will be what is 
called “functional genomics”. “Functional genomics is the 
attachment of information about function to knowledge of 
DNA sequence” [6]. But what should be attached to the 
sequences that offers this information? According to con- 
siderations mentioned in Chapter I, genome-wide analy- 
sis of the proteins of an organism and genome-wide 
gene/protein identification would be the most basic (Le., 
the most single-gene-related) approach towards discover- 
ing gene functions. 

proteomics 

Genome-wide analysis of the proteins of an organism is 
an idea first introduced 20 years ago, shortly after 2-DE 
had been introduced. In particular Leigh and Norman An- 
derson presented the idea to separate and catalogue all 
the human proteins [7-91, a concept today called pro- 
teome analysis. The term proteome’ was introduced to 
describe the entire protein complement of an organism 
[lo]. According to the terminology used in genomics, one 

* The term genome, first used by H. Winkler in 1920, was creat- 
ed by elision of the words GENes and chromosOMEs [3]. 
Therefore, the word GENOME is artificial, but signifies: the 
complete set of chromosomes and their genes [3]. The word 
proteome, consequently, is artificial as well, and signifies, ac- 
cording to the term genome, the complete set of chromosomes 
and their encoded proteins. 

should distinguish between structural and functional pro- 
teome analysis. Structural proteome analysis would mean 
isolation and sequencing of all the proteins encoded in 
the genome of an organism (the “primary proteins”), and 
functional proteome analysis would mean determining all 
the chemical, biochemical, and biological characteristics 
of the different primary proteins. In other words, identifica- 
tion of functionally significant sequence motives in pri- 
mary proteins would be a matter of functional proteome 
analysis. However, functional proteome analysis would 
not be restricted to the amino acid sequence of proteins, 
but would include the broad spectrum of structural modifi- 
cations and quantitative changes to which the proteins 
are subjected in different tissues, cell organelles and de- 
velopmental stages, i.e., in the various spacial and tem- 
poral dimensions of an organism. 

The structural and quantitative heterogeneity that the pro- 
teins create to fulfill their functions is the central subject of 
functional proteomics. At present, many laboratories per- 
form studies using 2-DE protein patterns to detect pro- 
teins that may be involved in a biological or pathological 
process of particular interest. This, however, is not what 
has been called proteome analysis, just as genome anal- 
ysis does not mean searching for a distinct gene. Also of 
interest in this field is the detection of known proteins in 
complex 2-DE patterns of tissue proteins. Protein spots 
from the gels are analyzed by mass spectrometry, and 
the data obtained are used to screen sequence databas- 
es to find matches with known proteins. Studies of this 
kind cover an important part of the work that has to be 
done in analyzing proteomes structurally and functionally. 
In this way, proteins known with respect to their amino 
acid sequences and some functional properties are sort- 
ed out from the bulk of unknown proteins. However, pro- 
teome analysis, in its real sense, aims at the analysis of 
all proteins of a cell type, tissue or organism, and this also 
include the yet unknown proteins which may, to date, be 
considered to be the vast majority of proteins of an organ- 
ism. 

In conclusion, proteome analysis should include the fol- 
lowing features: (i) the use of techniques (protein extrac- 
tion, 2-DE) which offer the chance to detect the vast ma- 
jority, if not all of the proteins of a tissue: (ii) the inclusion 
of the unknown as well as the known proteins in structural 
proteome analysis; (iii) characterization of the separated 
proteins (both the known and the unknown proteins) on 
the basis of a broad spectrum of biochemical and biologi- 
cal parameters, Le., performing functional proteome anal- 
ysis; finally, (iv) the genes corresponding to the separated 
and characterized proteins should be identified and 
mapped on the chromosomes. Proteome analysis done 
this way will result in functional genomics. 
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3 Analysis of the mouse proteome 

We started a systematic analysis of the mouse proteome. 
The whole procedure consists of four steps: (i) extraction 
of proteins from selected tissues and cell fractions, 
(ii) separation of proteins by 2-D electrophoresis, (iii) im- 
age analysis of protein patterns, and establishing protein 
standard patterns as the basis for a mouse protein data- 
base, and (iv) spot identification or, in case of unknown 
spots, spot characterization by mass spectrometry or par- 
tial sequencing. This procedure is followed by mapping 
genes of polymorphic proteins on the mouse chromo- 
somes. At the same time, the proteins registered in our 
protein database are characterized on the basis of a 
broad spectrum of biochemical and biological parame- 
ters. 

3.1 Fractionation of total tissue proteins 

For the analysis of the mouse proteome we selected an 
inbred strain, the strain C57BU6, which is one of the most 
commonly used mouse strains in research. In a first ap- 
proach we analyze the proteins of the brain, liver and 
heart, which represent the three germ layers ectoderm. 
endoderm and mesoderm, respectively. These organs 
were collected from both males and females, from differ- 
ent developmental stages, and from postnatal and adult 
stages, the latter including the final stages of aging. In or- 
der to reveal as many proteins as possible from a particu- 
lar tissue, we fractionate the total tissue proteins into 
three fractions: (i) the buffer-soluble proteins (supernatant 
I + II), which may represent the cytoplasmic proteins, 
(ii) the urea/CHAPS-soluble proteins (pellet extract), 
which may consist of proteins normally bound to the cell 
structures, and (iii) a DNase-digested rest pellet suspen- 
sion that reveals chromosomal proteins such as histones. 
The fractionation procedure (described in detail else- 
where [l 11) was based on a concept that avoids any loss 
of particular groups or classes of proteins. The 2-DE pat- 
terns of these three fractions may represent the vast ma- 
jority of the total proteins of a tissue. In addition to these 
basic fractions, we prepared highly concentrated protein 
extracts from purified cell organelles, primarily from cell 
nuclei. Protein patterns from these extracts reveal many 
minor proteins, not detectable in the three basic patterns. 

3.2 Large gel 2-DE 

In order to reach maximum resolution of the proteins ex- 
tracted, we developed a 2-DE technique for large gels 
[12], a modification of our original 2-DE technique [13]. 
lsoelectric focusing is performed in capillaly tube gels, 
40 cm in length (46 cm tubes). The separation distance in 
the second dimension, the SDS flat gel, is 30 cm. Carrier 

Parents 

F,-Hybrids 

Foj ,i iJ 
1 

I 2 3 

Figure 3. The three protein phenotypes are shown elec- 
trophoretic mobility variants may reveal two-dimensional 
protein patterns. The two parental mouse species Mus 
musculus (MM) and Mus sprefus (MS) differ in the elec- 
trophoretic position of a protein spot. The difference can 
be caused by changes in the isoelectric point, the molecu- 
lar weight, or in both parameters of a protein. Conse- 
quently, among the hybrids (MM/S) three different protein 
phenotypes may occur. The homozygous genotypes of 
the parental strains are shown by schematic chromo- 
somes. 

Table 1 .  Number of protein spots as revealed by large- 
gel 2-DE of proteins from three different organs 
of the mouse 

Tissue fractions Number of protein spots 
Liver Brain Heart 

(A) Supernatanta) 9204 0450 4790 
(buffer) 
(B) Pellet extractb) 1975 1692 1470 
(urea, CHAPS) 
(c)  Pellet suspensionc) 73 50 40 
(DNA digestion) 

Total No. of spots/Organd) 11 252 10 200 6 300 
Total No. of spots/Mouse 

a) Spots/pattern 
b) Spots not present in A or C 
c) Spots not present in A or B 
d) Spots which may occur in two or three organs were 

not identified to bring the total number of spots com- 
pletely down to the level of unique spots. 

27 752 protein spots 

ampholytes were used for isoelectric focusing. Immobi- 
lines compared to carrier ampholytes were found to have 
a lower resolving power in large-distance gels [ I  41. Pro- 
tein detection in 2-DE gels was performed by silver stain- 
ing [12]. 

Liver and brain protein patterns are shown elsewhere [l 1, 
141. A protein pattern from the mouse heart muscle is 
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Figure 4. Two-dimensional protein pattern from the mouse heart supernatant fraction. The proteins were extracted from 
the heart in three fractions, the supernatant, the pellet extract and the remaining pellet suspension [l 11. The proteins were 
separated by large-gel two-dimensional electrophoresis and revealed in the gel by silver staining [12]. 

shown in Fig. 4. A rough estimation of the total number of 
protein spots detectable in the 2-DE patterns of the three 
organs and the three fractions mentioned is shown in Ta- 
ble 1. In comparing 2-DE patterns from different tissues 
and cell fractions, it is actually impossible to avoid that in 
some cases a distinct protein registered in one pattern is 
registered again in another pattern that also reveals this 
protein. The same protein may occur in the patterns of dif- 
ferent tissues at different places, if they are modified dif- 
ferently. On the other hand, a protein spot that occurs in 
different patterns in the same position is not necessarily 
the same protein. In Table 1, the figures given for the su- 
pernatant fractions indicate the total number of spots of 
corresponding 2-DE patterns. For the other two fractions 
the attempt was made to count only spots which were not 
already registered in one of the other two patterns. The 
three organs, however, were not compared, i.e., redun- 
dant spots were not subtracted from the total number of 
spots found per pattern and per organ. To date, the high- 
est number of spots revealed in one pattern was found in 
the supernatant fraction of mouse testis. Here, more than 

10 000 protein spots were detected per pattern [14]. In 
spite of the high resolution reached with our technique, 
and even if protein patterns from cell organelles are taken 
into account, we cannot say that all the different proteins 
of a tissue are presented in our patterns. Certain protein 
species may exist only in a few copies per cell, or not 
even in all cells of a tissue. These proteins would not be 
detected in a 2-DE pattern. Three important questions 
cannot be answered at the present stage of our studies: 
How many proteins are expressed in a certain tissue (cell 
type)? How many of these are specific for this tissue? 
How many proteins arise by modifications of the primary 
proteins? 

3.3 2-DE standard patterns 

From each tissue and protein fraction we establish a 
2-DE standard pattern. This is a synthetic pattern pro- 
duced from a stained 2-DE gel by scanning, digitizing, 
and analyzing the image with a computer program for 
spot detection [15]. The pattern generated by the comput- 
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backcross (the European Collaborative lnterspecific 
Backcross, EUCIB) using B6 and SPR as the parental 
strains. About 1000 animals were generated in the back- 
cross generation. We used 64 of these animals to study 
the segregation patterns of polymorphic proteins. By ge- 
netic linkage studies and gene mapping procedures, we 
mapped the genes of several hundred protein spots on 
the mouse chromosomes (publication in preparation). 

er is carefully compared, spot by spot, with the original 
gel pattern and with several other patterns produced from 
the same kind of tissue. The computer pattern is then in- 
teractively corrected on the screen by searching for spots 
which were not recognized perfectly by the program. The 
final pattern is divided into 40 sections, and the spots in 
each section are provided with numbers. The standard 
patterns constructed from the different mouse tissues 
constitute the basis for our mouse protein database. Any 
information we obtain for a distinct protein spot is stored 
in the database with reference to the corresponding spot 
number. The standard pattern of the mouse brain super- 
natant fraction together with a first set of data, concerning 
the protein spots identified so far, was recently presented 
by our homepage http://www.charite.de/humangenetik 
1161. We analyzed 560 protein spots by using mass spec- 
trometry in combination with a genetic approach [16]. Of 
these spots, 331 have been identified, and out of these, 
90 indicated different proteins. 

In the past several years, 2-DE protein patterns from 
many different cell types and tissues of various organ- 
isms, including man, have been published 117, 181. Feder- 
ated 2-DE databases were established on the Internet 
network, allowing laboratories worldwide to share 2-DE 
data [19]. In practice, however, matching 2-DE patterns 
from different laboratories was difficult or impossible, due 
to the different techniques used (carrier ampholytes, 
IPGs, gel format, staining procedure, sample prepara- 
tion). In the future, this problem will be overcome by the 
increasing improvements in analyzing 2-DE patterns by 
mass spectrometry. This will allow the laboratories to 
compare 2-DE spots on the level of mass spectrometry 
data rather than by matching 2-DE patterns. Consequent- 
ly, establishing a 2-DE technique which has to be used 
precisely in all laboratories to allow sharing of data will no 
longer be an indispensable aim. 

3.4 Gene-protein identification 

Following protein extraction of selected mouse tissues, 
2-D electrophoresis, image analysis of 2-DE patterns, 
and chemical analysis of protein spots, detecting the 
genes of the separated proteins is the next step in our pi- 
lot study on the mouse proteome. Gene-protein identifica- 
tion was started by genetic linkage analysis of genes re- 
vealing protein polymorphisms between the two mouse 
species Mus musculus (B6) and Mus spretus (SPR). 
Among the - 8700 protein spots revealed in 2-DE pat- 
terns of brain supernatant proteins, more than 1000 ge- 
netically variant spots were found by comparing B6 and 
SPR. About one half of these variants showed electropho- 
retic mobility changes, and the other half showed chang- 
es in spot volume (protein amount). A European collabo- 
rative project has produced a comprehensive mouse 

4 Protein phenotypes 

4.1 Polymorphic proteins 
Two-dimensional electrophoresis is a unique tool to study 
the effect of gene mutations on properties - or, in terms 
of genetics, on phenes - of proteins. Applying large-gel 
2-DE to a genetic mouse system that thereby reveals 
more than one thousand polymorphic proteins solely in 
one organ (brain), protein phenotypes can be investigated 
on a large scale and all under the same conditions. The 
protein phenes visible in 2-DE gels include the electro- 
phoretic position, the spot volume (spot area x optical 
density) and the heterogeneity of proteins (spot series, 
spot families). The investigation of genetic changes in 
proteins leads to interesting questions; for example: Does 
a variant protein that occurs in several tissues show the 
variation in each of these tissues, and, if so, is this varia- 
tion then always of the same type? Does the occurrence 
of a certain protein alteration in an individual depend on 
its age? Is a quantitative deviation in the early develop- 
mental profile of a protein stable throughout the whole 
embryonic development and even in postnatal life? Does 
an amino acid substitution in a protein, due to a point mu- 
tation, affect the post-translational modification, the con- 
formation, the turnover rate, or some of the binding prop- 
erties of this protein? All these questions point toward 
problems of fundamental significance for human genetic 
diseases. Investigations of these questions may explain 
why genetic diseases usually show tissue specificity, why 
diseases often set in at a certain age of the persons af- 
fected, or why the expression of a particular disease de- 
pends on certain environmental factors (food, drugs). 
Moreover, with respect to the heterogeneity frequently ob- 
served in genetic diseases, it is of interest to search for 
genes which act on a protein apart from the structural 
gene. Findings like this would explain why the same dis- 
ease, i.e., the same clinical symptoms, may result from 
mutations in different genes. 

4.2 Mutations 

Mutations alter the position of protein spots in 2-DE gels 
by affecting the charge, the molecular weight or (and) the 
conformation of proteins (positional variants = electropho- 
retic mobility variants, mV; Fig. 3). Mutations may also 
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have consequences on the synthesis rate or degradation 
rate of proteins. In 2-DE patterns, this is revealed by 
changes of protein spots in size and intensity (variation in 
spot volume = variants of protein amount, aV). The three 
phenotypes of a quantitatively variant protein are com- 
posed of the two homozygous parental spots, one with a 
high, the other one with a low spot volume, and the heter- 
ozygous spot of the F, generation with a spot volume in- 
between. In an extreme situation, a protein may 
completely disappear in a mouse strain or in a human in- 
dividual (presence/absence variants, paV). The amount 
of a protein, ie.,  its cellular concentration, is regulated by 
transcription factors and factors involved in the process of 
translation and protein processing. Therefore, quantitative 
protein variants most frequently may reflect mutations not 
in the structural gene, but in genes or DNA sequences 
that are components of the regulatory system of proteins. 

When we compared hundreds of polymorphic proteins 
from B6 and SPR mice in the hybrid patterns, we fre- 
quently observed that the two spots of the heterozygous 
positional variants differed not only in the horizontal posi- 
tion, but also, or only, in the vertical position (Fig. 3). This 
points to differences in the molecular weight between the 
two variants of a protein. The maximum effect of an amino 
acid substitution on the molecular weight of a protein 
would be given if tryptophan (204 Da) were replaced by 
glycine (75 Da); the difference would then be 129 Da. In 
many cases, however, we observed differences much 
higher than that, the maximum ranging at 2500 Da (un- 
published results). This indicates that mutations may fre- 
quently affect the structure of a protein much more exten- 
sively than just by amino acid substitution. These 
alterations may include changes in co- or post-translation- 
al modifications, truncations, or altered conformations of 
protein molecules. While this observation is currently be- 
ing investigated in more detail, other findings support this 
assumption. 

We frequently observed spot families in 2-DE patterns, 
another indication for protein modifications. The spot fam- 
ilies were detected by mass spectrometry in combination 
with genetic criteria: variant protein spots which showed 
in the hybrid pattern exactly the same distance (mm), the 
same relative position, the same positional orientation 
with regard to the parental positions, and, moreover, 
which mapped to the same locus on the mouse chromo- 
somes, were considered as spots which originate from 
the same protein. Usually, we identified or characterized 
the most prominent spots of a spot family by mass spec- 
trometry. In this way we confirmed to some extent the 
family character of these spots, and, at the same time, 
tentatively identified many minor spots of the pattern 
which may be difficult to analyze directly by mass spec- 

trometry. As a result, we found in the brain protein pat- 
terns, for example, that gamma enolase. synapsin, and L- 

lactate dehydrogenase H chain (LDH-H) revealed 23 
spots, 38 spots, and 23 spots, respectively [16]. The pro- 
tein tau, a protein involved in Alzheimer‘s disease, 
showed more than 100 spots in 2-DE patterns from hu- 
man brain proteins. By analyzing the complexity of these 
spots, we found that alternative splicing and phosphoryla- 
tion was one of the protein modifying mechanisms [20]. 
Other proteins, e.g. LDH-H, formed spot family patterns 
interpretable as protein degradation patterns [16]. Some 
of these spot families were found to be extremely repro- 
ducible with regard to spot composition. The degradation 
products were apparently stable in the cells and seemed 
to be the result of an ordered cleavage process rather 
than of random degradation. Limited and ordered degra- 
dation is known to be a significant mechanism for certain 
cell functions [21,22]. 

4.3 Size of spot families 

Positional variants as shown in Fig. 3 and quantitative 
variants as mentioned above were the most frequently oc- 
curring protein phenotypes in 2-DE patterns obtained 
from B6 and SPR mice. Moreover, however, we observed 
that the size of a spot family, Le., the number of spots 
found to belong to a certain family, may also vary be- 
tween B6 and SPR. Of the 14 degradation spots found for 
the LDH-H family in the SPR pattern, five did not occur in 
B6. Additionally, the degradation spots showed higher in- 
tensities in SPR than in B6. This can be interpreted as a 
higher degradation rate occurring in the LDH-H of SPR 
than in the LDH-H of B6. Synapsin, as another example, 
revealed two extended horizontal spot series in 2-DE pat- 
terns, due to a protein modification not clarified so far. 
The number of spots of the series differed between B6 
and SPR. In both LDH-H and synapsin, the variation in 
the phenotype “size of spot families” segregated in the 
backcross progeny of B6 and SPR. Preliminary results 
show that these phenotypes mapped to the locus of the 
structural gene of these proteins. Apparently, a mutation 
in the structural gene in one case led to an altered degra- 
dation rate of the protein, and in the other case to an alter- 
ation in the degree of modification of the protein. 

Genetic variation of the complexity of spot families was al- 
so found in “one-spot families”. Proteins were observed 
that create one spot in one mouse species, but, by split- 
ting, two spots are created in the other species. This sug- 
gests that a protein can be modified in one species but 
not in the other. Protein variants of this type were found to 
be even more interesting when compared in different tis- 
sues. A protein was detected that split into two spots in 
one organ (liver), but not in other organs (brain, heart; 
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progeny and map to different loci on the chromosomes. A 
protein that is present in a high amount in a 2-DE pattern, 
but in a low amount in another mouse species, frequently 
shows an intermediary level in the hybrid pattern. How- 
ever, in most cases, quantitative protein variants show 
various levels of concentrations in the progeny. This indi- 
cates that the cellular concentration of such a protein de- 
pends on several genes. Segregation studies of these loci 
(quantitative trait loci, QTL), however, require precise 
measuring spot volumes from a large number of animals. 

A genetic analysis of QTL of proteins, quantitatively var- 
iant in 2-DE patterns, has been performed by Damerval et 
a/. [23] in maize. This interesting and important investiga- 
tion showed that the cellular concentration of a single pro- 
tein species can depend on several chromosomal loci. Up 
to five, or even up to 12 loci were mapped for single pro- 
teins. At least some of these loci were located on different 
chromosomes. This finding demonstrates that proteins 
represent polygenic traits. In our studies on mice, we 
found that protein modifications, as revealed by protein 
spots which split into two spots in another mouse species, 
can be caused by genes which do not map to the locus of 
the structural gene of the protein. If confirmed, observa- 
tions like this would show that not only the amount of a 
protein but also its structure can depend on several 
genes. 

Kaindl eta/., in preparation). In this case protein modifica- 
tion was not only genetically determined, but also tissue- 
specifically regulated. This may be an example of why ge- 
netic diseases in some cases (e.g., Huntington's chorea) 
affect one organ, but not others. 

5 The protein, a polygenic trait 

5.1 Understanding the network of gene activity 

As mentioned, proteins in 2-DE patterns show different 
phenes and phenotypes, and the different phenotypes 
may result from changes in molecular weight or charge of 
proteins, from variations in the amount of proteins, from 
the degree of degradation, and from the degree of post- 
translational modifications, or they may result from altera- 
tions in tissue specificity or developmental stage specifici- 
ty of proteins. For an understanding of multifactorial dis- 
eases, and more basically, for an understanding of the 
network of gene activity, it is of fundamental significance 
whether the various phenes of a protein depend on differ- 
ent genes. A mutation in the structural gene of a protein 
certainly may affect several phenes of this protein at the 
same time; for example, charge, molecular weight and 
prosthetic groups attached to the amino acids substituted 
by the mutation. However, quantitative changes of pro- 
teins most likely result from mutations in regulatory se- 
quences. Furthermore, the degree to which a protein is 
modified by phosphorylation or glycosylation, for exam- 
ple, may depend on the concentration and structure of 
certain enzymes, and, therefore, on other genes than the 
structural gene of the protein. If different phenes of a pro- 
tein were affected by different genes, this could be detect- 
ed by genetic linkage studies. In this case the different 
phenes of the protein would segregate differently in the 
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ly unrelated phenotypic effects [24]. We recently de- 
scribed a pleiotropic effect observed in the crystallins of 
the mouse eye lens [25]. A mouse strain carrying a cata- 
ract mutation in the gene for @-crystallin was investigat- 
ed by 2-DE. First, the lens proteins of normal mice were 
separated and analyzed by mass spectrometry and par- 
tial sequencing. All the various crystallins of the crystallin 
family, encoded by different genes, were identified. Then, 
analyzing the proteins of the mutant strain, the unexpect- 
ed observation was made that not only the amount of the 
@-crystallin was drastically reduced, but also all the other 
y-crystallins (subfamily yA+). In principle, one may as- 
sume that the gene of @-crystallin had a pleiotropic effect 
(e.g., via gene regulation, frameshift) on the other ycrys- 
tallin genes, which form a cluster on chromosome No. 1, 
or that the protein @-crystallin had a pleiotropic effect on 
the other y-crystallins by affecting the normal develop- 
ment of the whole lens. In any case, this is an example 
that leads to a general conclusion in the analysis of genet- 
ic diseases. When trying to elucidate a genetic defect, a 
useful strategy might be, at least in model organisms, to 
start from the protein level instead of the DNA level (Fig. 
1) .  Looking at an enormous number and at a broad spec- 
trum of proteins offers the chance to detect not only the 
primarily defective protein, or several proteins of this type, 
but also coaffected proteins. The next step would be to 
identify the genes of the abnormal proteins, and then to 
return to the proteins and to higher levels of abnormal 
phenotypes. This strategy starts with a survey of the com- 
plex level of gene expression and does not postulate the 
rather unrealistic situation that only one gene is responsi- 
ble for a genetic disease. Moreover, the proteins found to 
be affected may give us some hints towards the patho- 
genesis induced by the genetic defect. 

5.3 Multifunctional diseases 

Considering multifactorial diseases, which include poly- 
genic factors, findings mentioned in this article suggest 
that even a single protein involved in such a disease 
might be a polygenetic trait (Fig. 5). Human diseases are 
usually defined in terms of clinical symptoms such as high 
blood pressure, heart malformations or mental retarda- 
tion. There is no doubt that several genes are involved in 
regulating blood pressure, and that many genes contrib- 
ute to the normal development of heart and brain. Conse- 
quently, one can assume that any genetically based dis- 
ease can be caused by a defect in one of the numerous 
genes involved in a particular disease. Many different 
genes, if mutated, may be able to induce, for example, mi- 
crocephaly. A distinct patient, however, showing the 
symptoms of microcephaly, usually carries a mutation in 
only one of these genes, Le., whereas any genetic dis- 
ease, as defined by clinical symptoms, might be polygenic 

in nature, with respect to an individual patient, each ge- 
netic disease is monogenic. This implies that the pheno- 
type of a certain disease, the symptoms, may differ more 
or less among patients as far as different genes are in- 
volved. When, far in the future, the specific function of 
each of the genes is known, as well as their role in the 
regulatory and metabolic network, one will realize that 
each patient has his own disease. Genetic diseases will 
then be defined by the special genes affected rather than 
by the abnormal phenotypes described by the physicians. 
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Replication-induced protein synthesis and its 
importance to proteomics 

Replication-induced protein synthesis (RIPS) can occur following the passage of the 
replisome due to transcription initiated by RNA polymerase in association with: (i) neg- 
ative supercoiling trailing the replisome / replication fork, (ii) hemimethylation prior to 
the action of darn methylase, (iii) transient derepression following passage of the repli- 
some / replication fork and prior to renewed synthesis of the repressor gene-product, 
and (iv) ‘sliding clamp‘ accessory DNA-binding proteins binding to the lagging strand 
DNA duplex to retard rotational upstream propagation of supercoils. The latter include 
subunits of DNA polymerase 111 in Escherichia coli and gp45 in T4 bacteriophage. By 
far the most convincing evidence for the existence of RIPS comes from the pulse of 
protein synthesis which follows the passage of the replisome in late T4 bacteriophage, 
the dynamics of replication in Escherichia coli, recent results from cDNA high-density 
expression arrays in yeast and the workings of the lacoperon. More circumstantial evi- 
dence is provided by ’leaky’ or ‘aberrant‘ protein expression in genetic systems where 
attempts have been made to turn off protein synthesis by molecular means. In higher 
vertebrates, RIPS may have a potentially important role in explaining the mechanisms 
by which thymic and peripheral immune self-tolerance is established, either directly 
through antigen presentation on dendritic cells or through the presentation of peptides 
derived from T-cells. The latter model is preferred, as young T-cells will have recently 
divided and will be dying in large numbers near the antigen-presenting dendritic cells in 
the thymus. The functional utility of RIPS would appear to be linked to both facilitating 
cellular metabolism and an improved survival during stress. RIPS, as a potentially uni- 
versal molecular phenomenon, presents proteomics with numerous challenges and 
opportunities, both technical and commercial. 
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1 Introduction 

Proteomics is thought to have a viable future in the ex- 
pression profiling of biological systems [ l ] .  However, this 
long term future will depend upon its ability to provide 
quantitative and qualitative analyses concerning the near- 
to-total proteome of biological systems in health and dis- 
ease [2]. When Wasinger et a/. [3] first defined the term 
‘proteome’ as the “total protein complement of a genome”, 
they were aware of the unlikely event that: “the totality of 
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this potential for protein expression will be realised at any 
given instant”. However, there is a significant body of evi- 
dence to suggest that, in all biological systems, all open 
reading frames (ORF) are transcribed and translated to 
provide a ‘background soup’ of at least a few protein mol- 
ecules (2 20-200) representative of every gene product. 
Although representative of each ORF within a genome, it 
is nonetheless improbable that all possible splice variants 
and the co- and post-translational modifications will be 
synthesised as part of this ‘molecular soup’. The latter is 
thought to arise from replication-induced protein synthesis 
(RIPS). Superimposed upon this molecular soup is the 
protein expression patterns that characterise different 
cell, organ and tissue types, and growth stages and phys- 
iological states of an organism. In turn, the intracellular 
abundance of particular gene products derived from RIPS 
is determined by the relative influences of the length of 
cell cycle or replication time and the molecular half-lives 
of both mRNA and protein gene products, i.e., it is more 
likely to see replication-induced proteins well represented 
in a rapidly dividing cell type, such as activated lympho- 
cytes, as opposed to neurons, which divided rarely. 

2 Mechanisms responsible for RIPS 

The likely universality of RIPS can be linked to the high 
degree of conservatism in biological systems for both 
possession of DNA and the manner in which it is duplicat- 
ed in order to transfer information from one generation to 
the next. In dividing cells, there exists a small window of 
time during which RIPS can occur and before genomic 
DNA is again protected from the enzymes necessary for 
transcription. The RNA polymerases and associated mo- 
lecular machinery exist in the immediate vicinity of repli- 
cating DNA. Given the availability of mRNA transcripts, it 
is also most probable that translation would follow these 
transcription events. RIPS can occur following the pas- 
sage of the replisome due to transcription initiated by 
RNA polymerase [4, 51 in association with: (i) negative su- 
percoiling trailing the replisome / replication fork, (ii) hemi- 
methylation prior to dam or other methylase activity, (iii) 
transient derepression following passage of the replisome 
/ replication fork and prior to renewed synthesis of the re- 
pressor gene-product, and (iv) ‘sliding clamp’ accessory 
DNA-binding proteins binding to the lagging strand DNA 
duplex to retard rotational upstream propagation of super- 
coils. The latter include subunits of DNA polymerase 111 in 
Escherichia coli and gp45 in T4 bacteriophage. 

2.1 Evidence 

By far the most convincing evidence for the existence of 
RIPS comes from the pulse of protein synthesis which fol- 
lows the passage of the replisome in late T4 bacterio- 

phage [6, 71. Other evidence, predating the complete ge- 
nomic sequence of Escherichia coli [8], can be derived 
from the dynamics of replication in this organism, as 
determined by calculations based upon complexity meas- 
ures and DNA I RNA hybridization [9]. Although the num- 
ber of genes was significantly underestimated, the mathe- 
matics and experimental observations would appear to 
hold true. Indeed, this work [9] demonstrated that the near 
totality of the one strand coding capacity of E. coli under- 
went transcription. Estimates based on ORFs detected in 
the E. coli genome suggest that the coding capacity is in 
the order of 87.8% of 4 639 221 nucleotides [a], not at all 
incongruous with the conclusions derived by radiolabeling 
and hybridization [9]. More recently, data have become 
available from high-density arrays containing complemen- 
tary DNA for every ORF found in the yeast Saccharomy- 
ces cerevisiae [lo, 111. In this simplest of eukaryotes with 
multiple chromosomes, the authors were surprised to ob- 
serve transcripts corresponding to some 87% of ORFs. 
The absence of a transcript being detected for the re- 
maining genes could be explained by the difficulty of de- 
tecting the least abundant transcripts and of optimising 
the stringency of all cDNA templates contained within the 
array. Thus, these results are interpreted as being consis- 
tent with the existence of RIPS. Indeed, the authors were 
surprised by such a high level of transcript generation. 
Previously, such levels of overall genomic expression 
were thought to be likely only in association with a variety 
of physiological and stress conditions. The lac operon 
was for many years a major enigma in our understanding 
of gene regulation, it is now among the best known and 
better-studied systems in molecular biology. From Nobel 
laureate Jacques Monod comes the following quotation 
concerning enzymatic adaptation: “A bacterium with one 
molecule of enzyme could metabolise lactose to make 
more enzyme and therefore had a great advantage” 1121. 
Uncertainty remains, however, only as to the origin of that 
‘one molecule’ of P-galactosidase required to engender 
others. Much involved in the final demonstration of the lac 
repressor [13], Walter Gilbert (personal communication) 
recalled that the origin of these molecules was ’linked to 
growth’. Thus, the tenet here would be that the source of 
the initial P-galactosidase molecules is most likely ex- 
plained by RIPS. The functional utility of possessing these 
few molecules will be discussed below. 

2.2 Circumstantial evidence 

Circumstantial evidence for the existence of RIPS can be 
found in molecular systems where researchers have en- 
deavoured to turn off gene expression completely in or- 
ganisms as diverse as transgenic mice and Escherichia 
coli. Here, the phenomenon of ‘aberrant’ or leaky’ expres- 
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sion is well known to molecular biologists [ 141, again most 
likely due to RIPS. In higher vertebrates, RIPS may help 
explain the mechanisms by which both central and pe- 
ripheral immune self-tolerance is established, either di- 
rectly through antigen presentation on dendritic cells or 
through the presentation of peptides derived from T-cells. 
The latter model is preferred, as young T-cells will have 
recently divided and will be dying in large numbers near 
the antigen-presenting dendritic cells. Modern immunolo- 
gy and the recognition of non-self in mammals is depend- 
ent upon T-cells being exposed to all self-antigens during 
ontogeny and/or self-reactive T-cells being selectively ex- 
cluded from the body. Without this exposure, the organ- 
ism runs the risk of developing autoimmune responses. 
Thus, RIPS may have a pivotal role in explaining how 
self-tolerance is established in higher vertebrates. The 
levelof antigen expression is critical in this priming of 
developing T-cells [15, 161, while the origin of 'ignorant' 
T-cells leaving the thymus is most likely to be due to low 
abundance and/or low affinity antigens [17]. Thus, anti- 
gens not sufficiently well expressed in the thymus may 
need to be reinforced peripherally. Parijs and Abbas [18] 
further qualified this situation by the suggestion that: "dif- 
ferent self-antigens may induce peripheral tolerance by 
different mechanisms. For instance, tissue-restricted anti- 
gens present at low concentrations may induce anergy, 
and widely disseminated and abundant self-antigens may 
trigger activation-induced cell death". The existence of re- 
dundancy and secondary back-up is considered logical, 
especially in a mechanism as essential to the well-being 
of an organism as the recognition of nonself by the im- 
mune system. In such cases, having escaped thymic 
stimulation and ensuring apoptosis, self-reactive T-cells 
would then be eliminated peripherally. Although the po- 
tential for exposure to a variety of self-antigens may be 
greatest peripherally, there exists presumably a good 
number of rarely expressed self-antigens (e.g., those 
expressed during embryogenesis or wound healing). If 
these antigens have not been previously exposed to 
developing T-cells, then self-reactivity is possible. RIPS 
provides a mechanism whereby gene products for all 
genes in a genome could be present in multiple tissues at 
all times, thus allowing effective formation of T-cells. 

3 Functional utility 

If RIPS is indeed occurring in most biological systems, 
what then could be its biological significance? The most 
likely role of replication-induced proteins intra-cellularly 
would be to provide a short-term or 'stop gap' solution to 
cells while they await the relatively slow response time 
prior to synthesis of new gene products required by a cell 
when exposed, for example, to potentially lethal stress. 
The functional utility of RIPS would appear to be linked to 

both facilitating cellular metabolism and improved survival 
during stress. If a cell must synthesize large proteins 
while under severe stress, this synthesis is likely to occur 
less efficiently, as a result of the stress, and probably 
more slowly than under ideal conditions. In bacterial sys- 
tems growing exponentially, amino acid residues can be 
synthesized at the rate of 20-21 residues per second 
[19]. Thus, even under optimal growth conditions, a 
70 kDa heat shock protein would necessitate a lag phase 
> 30 s. Under less favourable conditions, synthesis of 
such proteins could require a lag phase of 1-2 min and 
be synthesized poorly due to chaperonin inefficiencies. 
Given that reaction times for biochemical pathways can 
occur over nanoseconds, there may exist considerable 
survival value and evolutionary significance in possessing 
low concentrations of all metabolites likely to be required 
by an organism at some time in the future, i.e., to allow 
the cell to respond rapidly to a physiological constraint. 
This could also be an energetically cost-effective strategy, 
if this low-level protein synthesis were linked to cellular re- 
production. Note that the biochemical relevance of RIPS 
may be restricted in cells during stationary phase or pos- 
sessing extended cell cycles, except for proteins with ex- 
tended molecular half-lives. Perhaps, therefore, variable 
half-lives of gene products provide a means whereby na- 
ture can selectively preserve those elements engendered 
by RIPS that are most essential to cellular well-being, 
even in non-rapidly-dividing cell types, i.e., in order to 
maximize the corresponding selective advantage to the 
organism. The cellular utility of RIPS can again be dem- 
onstrated from our knowledge of the workings of the lac 
operon. The final induction of P-galactosidase is not 
possible without the prior existence of low concentrations 
of both lac permease and P-galactosidase. Indeed, the 
transformation of lactose into allo-lactose (the specific in- 
ducer) by P-galactosidase is the means whereby, in the 
presence of lactose, the system is capable of responding 
by a 1000- to 10 000-fold up-regulation in the abundance 
of the enzyme required to metabolise lactose [20, 211. 

4 lntracellular abundance of proteins 
derived from RIPS 

The lac repressor can be considered as a housekeeping 
gene, yet it is in molecular excess at a concentration of 
20-30 molecules per cell [13]. If the lac repressor gene 
product is in fact derived from RIPS, then a number of 
molecules in the order of 20-200 could be considered as 
reasonable for having been synthesised by this method of 
transcription/translation. Other examples are known of bi- 
ologically relevant gene products that occur at similarly 
low intracellular concentrations [4]. More importantly, 
however, large mRNA templates with extended half-lives 
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could synthesize significant quantities of reaction compo- 
nents for cellular processes. 

with current-generation proteomics, there exists an in- 
verse relationship between the level of sensitivity and the 
extent of automation [27]. 

5 Consequences for proteomics 

RIPS, as a potentially universal molecular phenomenon, 5-2 Second-generation Proteomics 
presents proteomics with numerous challenges and op- 
portunities, both technical and commercial. The apprecia- 
tion of opportunities in this sector would appear to have 
become more evident in recent times to both the biotech 
and pharmaceutical industry and financial commentators 
[22-241. As recently as 16 April 1998, Oxford GlycoScien- 
ces underwent a successful Initial Public Offer on the 
London Stock Exchange for some $51 million (USD), 
while the biotechnology investment advisers Frost & Sulli- 
van presented the following assessment in Healthcare 
Market Engineering News, March 1998: ‘Strategically 
speaking, it is a bad time to enter into the genomics race. 
A more lucrative and relatively unexplored field is “proteo- 
mics” and ......... ‘shift the drug development emphasis 
from genomics to the study of its higher-value products, 
proteomics - in effect, climbing up the value chain’. Al- 
though encouraging sentiments, some major hurdles still 
wait to be overcome. 

5.1 Proteomic contigs 

Through the use of ‘proteomic contigs’ (stitching together 
windows of protein expression as displayed by two-di- 
mensional electrophoresis and based upon overlapping 
M, and p/ in a manner analogous to DNA sequence con- 
tigs) [25], Wasinger et a/. (in preparation) have recently 
been able to characterize some 136 proteins encoded by 
the genome of Mycoplasma genitalium, the simplest self- 
replicating organism on the planet and containing just 470 
ORFs. Within eight ‘proteomic contigs’, 427 distinct pro- 
tein spots were visualized, while the gene products char- 
acterized were encoded by just 110 genes. Thus, al- 
though representing the most advanced display of a total 
proteome globally, no more than 20% of the expected 
protein diversity was characterized and no more than 
73% of the expected gene products were visualized. This 
is inadequate if one is to move to more complex systems 
such as humans, where a few hundred thousand proteins 
are expected. The latter figure includes isoforms derived 
from differential splicing and co- and post-translation 
modifications of these gene products. Current technolo- 
gies based on principally two-dimensional gel electro- 
phoresis have not been able to resolve more than 1 1  000 
proteins in mammalian systems [26], less than at very 
best 57% of the expected human proteome. If proteo- 
mics is to become the mainstay of functional genomics, 
then it must make the transformation to even higher 
throughput in conjunction with high sensitivity. However, 

For this reason, a paradigm shift is required in the manner 
in which proteomics is conducted, if it is to deliver compet- 
itiveness with high density cDNA expression arrays and 
other technologies employed to follow the mRNA gene 
products [28]. Progenitors of this paradigm shift are 
becoming apparent and include such approaches as: 
(i) green fluorescent protein Genome Reporter Matrixes 
[29], (ii) transposon tagging (Snyder, personal communi- 
cation), (iii) protein / ligand arrays (cf. Ciphergen’s SELDI 
Proteinchip arrays), (iv) yeast two-hybrid system [30-321, 
(v) mRNA-peptide fusion libraries [33], PROfusion, and 
(vi) fusion library arrays [MI. As such, ‘second generation 
proteomics’ (SGP) is defined as array technologies used 
to detect the total protein complement of a genome with- 
out calling upon the separation sciences (for example, 
two-dimensional gel electrophoresis, mass spectrometry, 
column chromatography or capillary electrophoresis), but 
rather employing more traditional molecular biological ap- 
proaches to conduct holistic analysis of cellular proteins. 
However, such procedures must maintain a similar focus 
to that of first or current generation proteomics, for exam- 
ple, the detection of the levels of protein expression in a 
variety of virulent and/or drug-resistant bacterial strains, 
or the differences associated with health and disease pro- 
gression in a multitude of individuals. This can then be 
supplemented by information pertaining to protein-protein 
and protein-nucleic acid interactions and co- and post- 
translational modifications, the objective being the detec- 
tion of potential drug targets or gene products of rele- 
vance to precocious diagnosis or intervention strategies 
for disease prevention. 

5.3 Current limitations 

Although encouraging, the technologies detailed above 
have yet to surpass the resolution of current generation 
proteomics when applied to the human genome / pro- 
teome and remain unable to dissect the multitude of iso- 
forms associated with mammalian gene products. Indeed, 
these approaches are poorly amenable to a human set- 
ting, where mutant strains positioned on arrays will be un- 
acceptable. However, the primary objective of proteomics 
must remain the detection, in parallel, of the levels of pro- 
tein expression within complex biological systems and the 
relevance of these levels of protein expression to experi- 
mental procedures or health and disease. Nonetheless, 
the application of array technologies to proteomics will be 
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accompanied by advantages similar to those seen in oth- 
er areas of genomic science [35]. and concomitantly, po- 
tentially provide solutions and improvements with respect 
to procedures currently employed within the discipline. 
The current technological limitations associated with pro- 
teomics are: (i) a dependence upon the highly demanding 
technologies of two-dimensional gel electrophoresis and 
mass spectrometry, (ii) a lack of comparable sensitivity to 
that achieved by the polymerase chain reaction (PCR) 
used in the analysis of nucleic acids, (iii) an inability to vis- 
ualize the total proteome, and (iv) the need for truly inter- 
national reproducibility readily accessible by all. The tech- 
nologically demanding nature of the techniques currently 
employed within proteomics has meant that proteomic 
analysis is far from being implemented in every molecular 
laboratory globally. In all cases, proteomics requires a far 
greater investment in both personnel and hardware than 
do the majority of kit-based procedures currently playing 
a dominant role within the molecular laboratory. If the 
above obstacles can be overcome by either current or 
SGP, several major challenges and opportunities are of- 
fered to proteomics by the phenomenon of RIPS and its 
potential universality. 

6 Challenges 

The challenges facing proteomics can be largely summar- 
ized by the need to deliver quantifiable information on the 
‘near-to-total’ proteome. To achieve the display and quan- 
tification of the ‘near-to-total’ proteome, inadequacies in 
the following areas must be redressed specifically. These 
include: (i) small gene products which comprise, for ex- 
ample, approximately 20% of the Escherichia cob ge- 
nome [36, 371, (ii) high molecular mass basic proteins 
which comprise approximately 2530% of all bacterial ge- 
nomes sequenced thus far, (iii) hydrophobic proteins, 
which are poorly resolved in two-dimensional electro- 
phoresis gels, and (iv) low abundance protein analytes, 
which may comprise as much as 50-80% of all cellular 
proteins in mammalian systems, as few as 20-30 mole- 
cules per cell, and possibly be involved in important 
‘housekeeping’ and response mechanisms intracellularly. 
The inability to overcome these shortcomings has meant 
that the discipline is currently capable of complementing, 
rather than delivering competitiveness within the genomic 
sciences, in particular, ‘biochips’ and high-density cDNA 
expression arrays. An excellent example of the latter 
technology and the insights provided into physiological 
analysis is seen in the recent work of lyer eta/.  [38]. 

7 Opportunities 

The following combine to suggest that, if current techno- 
logical inadequacies can be overcome, proteomics is like- 

ly to become the mainstay of functional genomics: (i) A 
transcript and probably a translated protein product are 
likely to occur in association with all ORFs in rapidly re- 
producing cells. (ii) In higher eukaryotes, less than l O o h  of 
the genome is thought to correspond to genes. As such, 
approaches directed towards the analysis of gene prod- 
ucts can effectively overcome some of the difficulties as- 
sociated with sequencing entire genomes and the inher- 
ent problems of low complexity regions and genomic 
duplications. (iii) Proteomics is capable of delivering far 
more reliable information than that currently being 
accessed by either small or large high-density cDNA 
expression arrays. The latter is best substantiated by the 
difficulties presented by the highly variable half-lives of 
mRNA transcripts in living systems (Fig. 1). This variabili- 
ty can translate into dramatically different quantities of 
intracellular proteins with respect to that predicted from 
mRNA alone [39, 401. During exponential growth phase, 
Escherichia coli synthesizes approximately 20-21 amino 
acid residues per second, yet mRNA half-lives can vary 
between a few seconds and several hours [41-46]. This 
phenomenon further underscores the utility of addressing 
directly the activity of the ‘cellular workhorses’, namely, 
proteins. In addition, the corresponding half-lives of both 
the mRNA template and the translated protein allow the 
levels of gene products to be regulated intracellularly, 
where cellular analytes are not all required in equal 
amounts. Obviously, mechanisms such as promotion and 
suppression of transcription also play a dominant role in 
regulating expression levels of gene products. 

8 Bioholonics 

Both first- and second-generation proteomics are current- 
ly able to deliver reliable information on a significant por- 
tion of the total expected proteome in microbial systems, 
thereby permitting parallel analysis of cellular mRNA and 
proteins in fully sequenced genomes. This technological 
progress is readying itself to herald in a new era of holistic 
cellular analysis, namely ‘bioholonics’. Such information 
should allow the current preoccupation with the absolute 
quantity of gene product (RNA and/or protein) to move 
backstage with respect to more molecularly relevant pa- 
rameters, such as molecular half-life, synthesis rate, func- 
tional competence (presence or absence of mutations), 
reaction kinetics, the influence of individual gene products 
on biochemical flux, the influence of the environment, 
cell-cycle, stress, drug administration and disease on 
gene products, and the collective roles of multigenic and 
epigenetic phenomena governing cellular processes. The 
term ‘bioholonics’ is used here for the first time in the sci- 
entific literature, but owes its origins to an internal report 
for the Japanese Government prepared by Teruhisa No- 
guchi in 1980. 



78 I. Humphery-Smith 

'Bl&p' 
or 

cDNA array 

SUMMARY: 
Tile mount of numacent 
aignd d o u  NOT& or 
wauiily mniluc into Ihe 
amount ofpmrrin pne-prcduct 

. 
- 
- 
- 
. Messenger RNA molunrles arc desmyed at equal m s .  
- 

Messenger RNA (mRNA) is the inmmcdiatc code betwkn chmmosomd DNA and cellular proteins. 
Messenger RNA is also the target molecule of 'Biochip' end 'High-density cDNA Expmsion Arrays'. 
Living cells cannot effoni to let mRNA molsules linga fomn. M they place huge cnergctic demands upon tbc cell. 
Thus, once synthsized. tbcy M dcstmyed by e host of cnzymcs (edonucleases). 

Molecular half-lives of mRNA CM vary h m  e few minutes to s c v d  hours II 

9 Conclusions 

The mechanisms suggested for the occurrence of RIPS 
and the evidence for its existence would contest that a 
protein product corresponding to all ORFs is likely to be 
found in rapidly dividing cells, as also proposed in a re- 
cent study detailing mRNA expression analysis of a single 
human lymphocyte [47]. Many of these gene products will 
occur at very low intracellular abundance. Thus, proteo- 
mics must evolve if it is to contribute an ever-increasing 
knowledge base of intellectual property of relevance to 
the biotechnological and pharmaceutical industries. This 
contribution need not always be subservient to ap- 
proaches based upon analysis of nucleic acids. The sig- 
nificant advances achieved in protein chemistry over the 
last few years, particularly the characterization of proteins 
by mass spectrometry, will continue to complement both 
genomics and proteomics. SGP is likely to significantly in- 
crease the demand for a variety of analytical procedures 
in protein chemistry, providing value-added information 
for individual gene products. Although protein-protein and 
protein-nucleic acid interactions and the nature of co- and 
post-translational modifications will continue to be of inter- 
est, the initial focus of proteomics must remain the rela- 
tive levels of protein expression in biological systems. Still 
further technological advances are required to face the 
major hurdle of coming to grips with the total protein ex- 

Figure 1. The variability 
of mRNA half-lives and 
preliminary results [23, 
36, 371 would suggest 
that high-density cDNA 
expression arrays are 
poor predictors of intra- 
cellular protein abun- 
dance. 

pression of human cells, tissues and organs. However, 
cellular molecular biology dictates that the quest for novel 
drug targets or intervention strategies for disease preven- 
tion must incorporate information concerning proteins. 
Thus, the challenge for proteome analysis into the next 
century lies clearly with the task of achieving a combina- 
tion of high-throughput screening, while maintaining high 
sensitivity for the detection of low-copy-number proteins. 
The latter may constitute the bulk of proteins in humans 
and higher enkaryotes. As in genomics, array technolo- 
gies offer the greatest hope of achieving this. Current- 
generation, separation-dependent technologies are deliv- 
ering valuable information in many sectors of biology, but 
particularly with respect to entire microbial proteomes 
(see earlier) and protein complexes [4&50]. Far from 
reducing the importance of these approaches, array- 
based proteomics is likely to become the primary discov- 
ery platform and subsequently increase demand for pro- 
cedures calling upon the significant advances witnessed 
in protein chemistry over the last 4-5 years. Lessons 
learnt from the analysis of nucleic acids indicate that pro- 
teomics has reason to diversify the approaches currently 
employed during problem solving and analyte detection. 

I wish to thank Valerie Wasinger for initia//y drawing my 
attention to replication-induced protein synthesis and the 
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two-dimensional electrophoresis 

Two-dimensional (2-D) electrophoresis remains the highest resolution technique for 
protein separation and is the method of choice when complex samples need to be 
arrayed for characterisation, as in proteomics. However, in current proteome projects 
the total number of proteins identified from 2-D gels is often only a small percentage of 
the predicted proteome. In addition, there is an almost complete lack of hydrophobic 
proteins on 2-D gels, especially those using immobilised pH gradients. Recently there 
have been a number of publications reporting reagents which improve protein solubili- 
sation prior to isoelectric focusing. The improved solubilization possible with these 
reagents has increased the total number of proteins able to be visualised on 2-0 gels 
and also allowed the separation of hydrophobic proteins, such as integral membrane 
proteins. 
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1 Introduction 

As we reflect on the third Siena meeting it is appropriate 
to look at what progress has been made in the various 
proteornic technologies towards achieving the goals of 
proteornics, for example, to identify and characterise all 
proteins expressed by an organism or tissue [ l ] .  The 
scope of this review is sample preparation for 2-DE and I 
would like to focus on the advances that relate to en- 
hanced protein solubility and increased numbers of hydro- 
phobic proteins on 2-D gels. For a comprehensive review 
of many other aspects of sample preparation for electro- 
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phoresis, see Rabilloud [2]. Two-dimensional electro- 
phoresis (2-DE) remains the highest resolution method 
for arraying proteins prior to their characterisation by 
mass spectrometry; however, the number of proteins ac- 
tually identified on 2-D gels, even from species where the 
entire genome is sequenced, is very low. Wilkins ef a/. [3] 
reported that for three species, Bacillus subfilis, Escheri- 
chia coli and Saccharomyces cerevisiae, with completely 
sequenced genomes, less than 5% of the proteins in 
SWISS-PROT had been identified on 2-D gels. In addi- 
tion, within the 5% of identified proteins, only between 5% 
for S. cerevisiae and 15% for E. coli were hydrophobic, 
compared to the theoretical hydrophobic contents of 16% 
and 29%, respectively. An initial appraisal of these figures 
may lead to the conclusion that 2-DE and proteomics is 
failing to deliver; however, there have been a number of 
recent advances to sample preparation and 2-D gel meth- 
odology [4-71 which are already allowing more proteins to 
be arrayed in micropreparative quantities. 

Pretreatment of samples for isoelectric focusing (IEF) in- 
volves solubilisation, denaturation and reduction to 
completely break the interactions between the proteins 
and to remove nonprotein sample components such as 
nucleic acids [2]. Ideally, to avoid protein losses, one 
would achieve complete sample solubilisation in a single 
step and thus eliminate unnecessary handling, as is the 
case for soluble protein samples which can be readily tak- 
en up in the most commonly used IEF sample solution of 
8 M urea, 4% 3-[(3-cholamidopropyI)dimethylammonio]-l- 
propanesulfonate (CHAPS), 50-1 00 mM dithiothreitol 
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ma1 conditions being solutions of 2 M thiourea in 5-7 M 

urea. 
(DTT) and 40 mM Tris. However, the 'standard IEF sam- 
ple solution is not ideal for many proteins and the chal- 
lenge for 2-D PAGE, particularly in the context of proteo- 
mics. is the solubilisation and separation of insoluble 
samples such as membrane and membrane-associated 
proteins and proteins from highly resistant tissues like hair 
and skin. Enhanced protein solubility has been reported 
by introducing new reagents such as thiourea, sulfobe- 
taine surfactants and tributyl phosphine into the IEF sam- 
ple solution [4, 51. 

To obtain a broad picture of a sample, the unfractionated 
proteins can be applied to a single 2-D gel with a wide pH 
gradient, but with complex samples this approach only re- 
veals a small percentage of the proteome. Organelle and 
plasma membrane fractions can be used to considerably 
reduce the complexity of cellular samples; however, they 
require considerable expertise and access to expensive 
equipment such as ultracentrifuges. In contrast, the sim- 
ple concept of sequentially extracting proteins by exploit- 
ing differential solubility has been used on many different 
tissues, usually with aqueous, organic solvent, and sur- 
factant-based extraction solutions [8-lo]. Recently Molloy 
eta/. [6] have expanded on the sequential extraction ap- 
proach by incorporating highly solubilising conditions in 
the IEF sample solutions [4, 51. Denaturing IEF sample 
solutions are made up of three main types of reagents, 
chaotropes, surfactants and reducing agents, and in the 
main part of this review I will summarise the advantages 
of some of the new reagents which constitute the en- 
hanced, highly solubilising IEF sample solution. 

2 Chaotropes 

Chaotropic agents such as urea allow proteins to unfold 
and thus expose their hydrophobic cores. This is a- 
chieved by changing the hydrogen bond structure in the 
solution, thus decreasing the energy penalty for contact 
of the hydrophobic residues with the solution [2, 111. In 
practice, because the hydrophobic residues of proteins 
are exposed by urea denaturation it is normal to have sur- 
factants, such as CHAPS, present to aid in protein solubi- 
lisation. At the 1996 Siena meeting, and subsequently in 
a number of publications (4, 121, T. Rabilloud has shown 
that proteins can be lost, by adsorption to the gel matrix, 
when IEF is conducted in immobilised pH gradients 
(IPGs). Rabilloud ef a/. [4] introduced the use of thiourea 
in combination with urea to increase the solubility of pro- 
teins in IPGs and showed that thiourea had a major posi- 
tive effect on the number of proteins visualised in the sec- 
ond dimension with four different subcellular fractions, 
including integral membrane proteins. Thiourea is an effi- 
cient chaotrope, although it is poorly soluble in water and 
requires high concentrations of urea for solubility, the opti- 

The enhanced protein solubility obtained by using thio- 
urea has also been demonstrated by Pasquali ef a/. [13], 
who showed improved 2-DE of up to 2 mg of total mem- 
brane preparations and integral membrane preparations 
from murine mammary epithelial cells. Fialka et a/. [14] 
combined subcellular fractionation of murine mammary 
epithelial cells with enhanced solubility using thiourea to 
create a range of organelle maps. They were able to sep- 
arate and identify some transmembrane proteins such as 
E-cadherin and caveolin. However, neither of these pro- 
teins would be classified as highly hydrophobic by the 
grand average of hydropathy (GRAVY) measurement 
used by Wilkins ef a/. [3] to classify hydrophobic proteins 
in 6. subfilis, E. co/i and S. cerevisiae. Although the use 
of thiouredurea mixtures alone is a major advance in the 
solubility of proteins for 2-DE, the combination of these 
chaotrope mixtures with new sulfobetaine surfactants has 
provided a whole range of powerful sample solutions for 
2-DE. 

3 Surfactants 

As stated in Section 2 it is normal to have at least one sur- 
factant present in the IEF sample solution to solubilise the 
hydrophobic residues that are exposed as a result of de- 
naturation in chaotropes. Large amounts of ionic substan- 
ces are not compatible with steady-state IEF; therefore, 
the use of SDS is not recommended and we are restricted 
to nonionic or zwitterionic surfactants. It is possible to use 
SDS in the initial sample solubilisation and then dilute it 
out with a large excess of a nonionic surfactant [2]; how- 
ever, obtaining sufficient dilution of the SDS can become 
impossible when micropreparative protein loads are re- 
quired. Traditionally, surfactants such as the Triton X-100 
and Nonidet P-40 have been used, as well as sugar- 
based surfactants such as octyl glucoside [2, 151. In re- 
cent years the sulfobetaine CHAPS has become the sur- 
factant of choice and is generally used at between 2% 
and 5% in 8 M urea. These commonly used surfactants 
are soluble in high concentrations of urea, and thus it 
would appear appropriate to add thiourea to the sample 
solution and combine the enhanced chaotropic power 
with urea-soluble surfactants. However, while soluble, 
these surfactants are not efficient at protein solubilisation 
in high concentrations of chaotropes and their solubilising 
power is further minimised in the presence of highly cha- 
otropic thiourea [4, 161. In contrast, sulfobetaines with 
long linear alkyl tails such as Ndecyl-N,Kdimethyl-3-am- 
monio-1-propane sulfonate (SB 3-10) are more efficient 
than CHAPS although they suffer from poor solubility in 
high concentrations of urea 117-191. 
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As a compromise between chaotropic power and surfac- 
tant efficiency, Rabilloud et a/. [4] suggested two IEF 
sample solution formulations which take advantage of the 
increased chaotropic power of thiourea. The first solution, 
5 M urea, 2 M thiourea, 2% CHAPS and 2% SB 3-1 0 is for 
proteins which require strong surfactants for solubility. 
The sulfobetaine SB 3-10 is not soluble in concentrations 
of urea greater than 5 M and thus the overall chaotrope 
concentration is relatively low. The second solution, 7 M 

urea, 2 M thiourea and 4% CHAPS is for proteins which 
require a high concentration of chaotropes. 

To address the problem of surfactant-chaotrope compati- 
bility, Chevallet et a/. 1201 synthesised a range of novel 
sulfobetaines with more polar, but zwitterionic, head 
groups and long alkyl tails of more than 12 carbon atoms. 
The new surfactants were tested on membrane prepara- 
tions from bovine neutrophils and also on plasma mem- 
brane preparations from Arabidopsis thaliana. The most 
efficient surfactants were of the amidosulfobetaine type 
with either a linear alkyl tail, such as amidosulfobetaine 
14 (ASB 14), or a mixed alkyl-aryl tail, such as C80. The 
number refers to the number of carbon atoms in the tail. 
Because these surfactants have more polar head groups 
than sulfobetaines such as SB 3-10 they are soluble in 
high concentrations of urea, typically 7-8 M. When 
compared to the conventional IEF sample solution con- 
taining CHAPS, the new surfactants allowed the separa- 
tion and detection of many more membrane proteins. 
Specifically, C8@ allowed the separation of some, quite 
hydrophobic proteins such as the PIP 1 isoform of a plas- 
ma membrane water channel protein from A. thaliana 
[20]. PIP 1 has a GRAVY score of 0.37, which rates it as 
one of the most hydrophobic proteins ever detected on 2- 
D gels. In the case of the bovine neutrophil membranes 
the ASB 14 surfactant was highly efficient and resulted in 
many more proteins being visualised, including stomatin, 
a transmembrane protein [20]. 

4 Reducing agents 

As discussed above, reagents such as urea and surfac- 
tank are used to denature proteins and expose their hy- 
drophobic cores; however, to allow complete unfolding of 
many proteins it is necessary to reduce disulfide bonds. 
Reduction is usually achieved with a free-thiol-containing 
reducing agent such as P-mercaptoethanol or dithiothrei- 
to1 (DTT) [2]. However, free-thiol-containing reagents 
such as DTT are charged, especially at alkaline pH, and 
thus migrate out of the pH gradient during the IEF, which 
results in a loss of solubility for some proteins, especially 
those which are prone to interation by disulfide bonding, 
such as the keratins and keratin-associated proteins from 
hair and wool. Herbert eta/. [5] replaced the thiol-contain- 

ing reducing agent D l T  with an uncharged reducing 
agent, tributyl phosphine (TBP), which greatly enhanced 
protein solubility during the IEF and resulted in increased 
transfer to the second dimension with a range of samples 
including wool proteins. A further advantage of the mech- 
anism of phosphine reduction is that because phosphines 
do not contain a thiol they cannot be alkylated, which 
leads to a simplified IPG equilibration protocol incorporat- 
ing reduction and alkylation in a single step. Using an im- 
proved single-step IPG equilibration protocol [5], it is 
possible to combine TBP and an alkylating agent and ob- 
tain complete alkylation of cysteine. Because thiourea, 
sulfobetaine surfactants and TBP increase protein solubil- 
ity through different routes, they can be seen as comple- 
mentary reagents. Thiourea increases the chaotropic 
power of the sample solution, sulfobetaines such as SB 
3-10, ASB 14 and C80 are efficient surfactants, and TBP 
ensures complete reducing conditions during the IEF; 
thus it is advantageous to combine all three in an en- 
hanced IEF sample solution. 

5 Sequential extraction 

By combining thiourea, sulfobetaines such as SB 3-10 
and the uncharged reducing agent TBP, it is possible to 
create a powerful IEF sample solution and thus solubilise 
proteins which would remain insoluble in conventional 
IEF sample solutions. However, the drawback of this en- 
hanced solubility is that for complex samples the 2-D gels 
become swamped with overlapping proteins, especially 
when high loads are applied for micropreparative purpos- 
es. Molloy eta/. [6] have adapted the concept of differen- 
tial solubility [&lo] by incorporating the enhanced solubi- 
lising conditions as the final step of a sequential extraction 
of E. coli. The first step is cell lysis and protein extraction 
using Tris base. The resulting pellet is extracted using 
conventional IEF sample solution, 8 M urea, 4% CHAPS 
and DTT and the pellet remaining after this extraction is 
rich in membrane proteins and represents only 11% w/w 
of the starting material. The final extraction is with 5 M 

urea, 2 M thiourea, 2% CHAPS, 2% SB 3-10 and 2 mM 

TBP. Eleven membrane proteins were identified on the 
2-0 gel from the final extraction, representing many of the 
outer membrane proteins of .€. coli. Five of the identified 
proteins had not previously been identified from 2-0 gels 
and two of these were only previously known as open 
reading frames. It appears that many of the outer mem- 
brane proteins (OMPs) from E. coli were partitioned into 
the final pellet in a highly enriched state and were solubi- 
lised in the enhanced solubilising solution. 

Note that while the proteins in the final extract are clearly 
insoluble in conventional IEF solutions they are not rated 
as hydrophobic according to the GRAVY scale [3, 61, as 
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by separating the soluble fraction from the membrane 
fraction. The next steps in the development of 2-DE for 
proteomics will be continued refinements to prefractiona- 
tion and enhanced protein solubility, combined with 2-DE 
using multiple pH gradients to cover the expected p/  
range of most proteomes. 
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they all have negative GRAVY scores. It seems that at 
the extremes of the GRAVY scale the values are predic- 
tive of protein solubility because the protein is mainly 
composed of either hydrophilic or hydrophobic residues. 
However, in the mid ranges of the GRAVY scale it is quite 
possible to have hydrophilic proteins, as measured by 
GRAVY, which are insoluble in the conventional IEF sam- 
ple solutions [6]. The insolubility of a ‘hydrophilic’ protein 
may be due to the presence of hydrophobic, possibly 
transmembrane, domains that are, on average, out- 
weighed by the majority of hydrophilic residues. 

Given the efficiency of some of the novel sulfobetaine sur- 
factants synthesised by T. Rabilloud e l  a/. [20] it will be in- 
teresting to repeat the sequential extraction of Molloy et 
a/. [6] using the new surfactants in the final step and look 
for more hydrophobic proteins. In another study, Molloy e l  
a/. [21] have used the novel sulfobetaine ASB 14 [20] as 
part of an enhanced solubilising solution to separate pro- 
teins extracted from €. coli with mixtures of chloroform/ 
methanol. The ASB 14 solution gave greater protein solu- 
bility, compared to a solution using SB 3-10 and CHAPS, 
probably because of the increased efficiency of the ASB 
14 and the fact that 7 M urea can be used with ASB 14, 
compared with only 5 M urea with SB 3-10. Out of the thir- 
teen proteins identified, eight had not been previously 
identified on 2-D gels and five of these new proteins had 
positive GRAVY scores and are thus rated as hydropho- 
bic. 

6 Concluding remarks 

The past few years have seen 2-DE undergo a revitalisa- 
tion which is strongly linked to the interest in proteomics. 
The high throughput nature of mass spectrometry, espe- 
cially MALDI-MS for peptide mass fingerprinting, has 
placed a large demand on 2-DE to deliver large numbers 
of micropreparative gels of ‘unknown’ proteins. It is clear 
that conventional technology, using urea, CHAPS, and 
DTT solubilisation on a single broad-range pH gradient is 
becoming exhausted. The same proteins are solubilised 
and identified many times, leaving behind the majority of 
the proteome, either insoluble or hidden behind the abun- 
dant proteins on a broad pH range 2-D gel. The work 
summarised in this review has made significant progress 
on the protein solubility issue and has allowed many pre- 
viously insoluble proteins to be separated by 2-DE. In ad- 
dition, the sequential extraction approach has proved to 
be a rapid and effective method of partitioning and con- 
centrating insoluble proteins such as membrane proteins. 
A combination of organelle fractionation with sequential 
extraction will prove to be very powerful. For example, se- 
quential extraction of purified organelles will provide cellu- 
lar localisation data as well as simplifying the 2-D patterns 
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Proteomics and automation 

Proteome analysis is concerned with the global changes in protein expression as visu- 
alized most commonly by two-dimensional gel electrophoresis and analyzed by mass 
spectrometry. A drastic increase in the rapidity and reproducibility of protein isolation 
and identification is needed for proteome analysis to become a useful complement to 
global mRNA analysis. Simplification and standardization, based on innovation in both 
hard- and software, are prerequisites to the creation of automated proteomics plat- 
forms that are both robust and user-friendly, and will allow many more laboratories ac- 
cess to this technique. In this review we highlight the weak points in the chain of analy- 
sis (such as sample handling, protein separation and digestion) and summarize recent 
trends toward automation in instrumentation and software and offer our own personal 
view of future developments in the field. 
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1 Introduction 

The availability of complete genome sequences [ l ]  or ex- 
tensive expressed sequence tag (EST, [2]) libraries now 
allows the entire potential protein complement of organ- 
isms to be defined (the proteome). The focus of biological 
problem-solving must now move from a reductionist to a 
global approach. Instead of dissecting a process to identi- 
fy a putative single effector, more subtle analyses based 
on monitoring the entire genome expression can be car- 
ried out. The description of a biological system by a quali- 
tative and quantitative analysis of mRNA expression has 
now been made possible with the development of DNA 
microchips and arrays [3], differential display PCR [4] and 
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7). Finally we discuss the trends in analytical methods de- 
velopments that will shape the future of proteomics. 

serial analysis of gene expression [5]. Genome-wide 
studies [6, 71 are now possible and true global experi- 
ments such as systematic analyses of perturbations of a 
system and following the return to equilibrium can be car- 
ried out. A prerequisite to these large-scale types of 
mRNA expression studies and to the sequencing of ge- 
nomic DNA is a high degree of automation. Reproducibili- 
ty is a prerequisite for a statistical analysis of these com- 
plex data sets and automation and high throughput data 
accumulation are essential for such large undertakings. 
The onus of extracting the salient features of a process 
from this flood of data is firmly in the hands of the bioinfor- 
matics experts. Data must be processed and displayed in 
such a way as to show the complex relationships between 
objects previously thought to be unrelated. 

DNA and mRNA are physico-chemically homogeneous 
and 'easy to handle' and can be amplified by polymerase 
chain reaction methods, hence are amenable to automa- 
tion. However, there are several key objections to the re- 
duction of biological studies to the following changes in 
mRNA: (i) the level of mRNA does not allow one to predict 
the level of protein expression [8, 91, (ii) protein function is 
controlled by many post-translational modifications, and 
(iii) protein maturation and degradation are dynamic proc- 
esses which dramatically alter the final amount of active 
protein independent of mRNA level. In order to perform 
proteome analysis on a large scale in an automated fash- 
ion, several requirements must be met which allow: (i) the 
extraction and high-resolution separation of all protein 
components, including membrane, extreme p l  and low 
copy number proteins; (ii) the identification and quantita- 
tion of each component; and (iii) the comparison, analy- 
sis, and visualization of complex changes in expression 
patterns. 

Proteins, in contrast to nucleic acids, are vastly more di- 
verse and a universal handling method is unlikely to be 
found. Currently the only systematic methods for analyz- 
ing the state of expression of the majority of proteins in a 
cell are those based on two-dimensional gel electrophore- 
sis [lo-121. In order for proteome analysis to become a 
viable and widely used method, a reasonable degree of 
automation must be achieved to: (i) increase reproducibil- 
ity to facilitate data comparison between laboratories, and 
(ii) make the process less labor-intensive and increase 
throughput. In this manuscript we will outline the ap- 
proaches and pitfalls in trying to automate protein identifi- 
cation and quantification methods for comprehensive pro- 
teome analysis. We have divided the process into four 
parts: sample preparation to gel imaging (Fig. 1, Section 
2, 3), image to spot digestion (Fig. 2, Section 3, 4), digest 
to database searching (Fig. 3, Section 4, 5), and search 
results to data analysis and archiving (Fig. 4, Section 6, 

2 Sample preparation and prefractionation 

Perhaps the single most critical point in obtaining repro- 
ducible 2-D gels is sample preparation. The cells or tissue 
must be efficiently disrupted and the contents of the cells 
solubilized completely in order to obtain a representative 
protein population sample. Physical disruption methods 
such as sonication, mechanically driven rapid pressure 
changes, homogenization and shearing-based tech- 
niques, are often used to open the cells prior to protein 
extraction with a urea-based solution containing nonionic 
detergents, reducing agents and a protease inhibitor 
cocktail. For each cell or tissue type, a specific method 
must be developed, though recent developments includ- 
ing the use of thiourea [13], tributylphosphine [14], and 
novel zwittergents [15] have improved sample solubiliza- 
tion greatly. The extent of recovery of membrane and cy- 
toskeletal proteins is variable, with some proteins being 
completely solubilized whilst up to 10% of the cell protein 
remains in the pellet after extraction. 
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Figure 1. Module 1 : Sample processing to image acquis- 
ition. 
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Figure 4. Module 4: Process integration and data inspec- 
tion. The module is responsible for data accumulation, da- 
ta analysis and data linkage. The control module must co- 
ordinate all other subrnodules, allowing sample logging 
and tracking, data passing between disimilar programs 
and integrating the data analysis output with the databas- 
es. The module should act as a user interface facilitating 
data viewing and evaluation and presenting significant 
links between data sets in an intuitive fashion; it should al- 
low cross-correlation of MS data and 2-D patterns with a 
wide variety of other data such as patient files, genome 
database annotation, toxicity databases, gene knockout, 
and two-hybrid experiments, etc. 

The extremely high degree of complexity of eukaryotic tis- 
sues often requires that a prefractionation step be carried 
out in order to reduce the complexity and allow the resolu- 
tion and analysis of minor components. When dealing 
with a mixed cell population such as a tissue, prefractio- 
nation of cells using a fluorescence-activated cell sorter 
(FACS), [16] can allow small subpopulations to be specifi- 
cally isolated, greatly increasing the sensitivity of the anal- 
ysis. Similarly, preconcentration of the proteins to be ana- 
lyzed can be carried out using methods orthogonal to 2-D 
gel separation, such as native PAGE or IEF [17], or by an 
affinity pre-enrichment, such as heparin chromatography 
for DNA-binding proteins [18], immobilized metal ion affin- 
ity chromatography for phosphoproteins [19] or by anti- 
body precipitation to select for a specific protein complex. 
Alternatively, a series of increasingly powerful solubilizing 
buffers may be used to obtain a series of protein fractions 
[20], or the various cell compartments and/or organelles 
may be isolated [21]. All of the above methods can be au- 
tomated and before any large-scale study is started, a 
systematic study of sample preparation reproducibility 
should be carried out. 
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3 2-D gel separation and analysis 

3.1 Automating 2-D PAGE 
The standard denaturing 2-0 gel system has remained an 
essentially manual operation since its establishment over 
twenty years ago and as yet there is no valid alternative 
with an equivalent dynamic range and resolving power. A 
detailed study using a prototype semi-automated instru- 
ment clearly showed the advantages of mechanical repro- 
ducibility [22]. However, the only developments in large- 
scale automated production of 2-D gels has been carried 
out at commercial enterprises such as Large Scale Biolo- 
gy and Oxford Glycosciences. The largest commercially 
available 2-D gel system (Iso-Dalt, Amersham-Pharma- 
cia) can run ten 2-D gels simultaneously. Steps are being 
taken to automate at least the first dimension. The IPG- 
Phor instrument from Amersham-Pharmacia automates 
sample loading and focusing. The optimization of re- 
agents is another necessary step although the availability 
of well-defined IPG strips, in which the pH gradient is co- 
valently immobilized and the gel is attached to a stable 
plastic support, has improved the reproducibility of 2-D 
patterns greatly, facilitating inter-laboratory comparisons. 
The use of tributylphosphine as the reducing agent in the 
first dimension has decreased the amount of streaking 
observed with mercaptoethanol and dithiothreitol, both of 
which become charged and migrate out of the gel. The 
transfer of the first-dimension strip to the second-dimen- 
sion SDS-PAGE gel is much easier with the IPG strips 
mounted on plastic compared to the cylindrical IEF tube 
gels, since the former are mechanically much more sta- 
ble. A critical step is the change from the first-dimensional 
to the second-dimensional running conditions. During this 
equilibration, proteins are prone to precipitation and ex- 
treme sample losses can be incurred, especially with 
membrane proteins. Ideally, an instrument could be de- 
signed in which no physical movement of the gels would 
be necessary between dimensions and the pore size of 
the first dimension could be large to allow rapid equilibra- 
tion. 

Another hurdle to be overcome in order to fully automate 
spot identification is that of the weak mechanical proper- 
ties of the normal polyacrylamide gel matrix of the second 
dimension. The ideal matrix must be mechanically stable 
to allow the gel to be handled without breaking as well as 
to give a clear background during protein visualization. 
Mechanical stability can be increased by including pre- 
polymerized polyacrylamide in the polymerization mix- 
ture, although this can produce a turbid background when 
scanning the gel. A gel mixture with enhanced properties 
has been partially described [23] and is commercially 
available. Alternatively, the gel can be covalently attached 
to a plastic support, which has the advantage of prevent- 

ing alterations in gel size during the staining procedure 
(due to shrinkage in organic solvents and expansion upon 
rehydration or dehydration upon exposure to air), thus 
precluding computer-driven spot cutting. There are poten- 
tially many other polymer matrices which could be used 
with desirable properties such as solvent and pH resist- 
ance (essential for first-dimensional separations at ex- 
treme pH) and strength (24, 251 although only the cross- 
linker piperazine diacrylamide [26] has received any 
commercial attention. Since electroblotting large format 
2-D gels is difficult and often nonquantitative due to the 
different transfer properties of the proteins and their bind- 
ing affinity to the membrane, this will not be considered 
here, especially as it brings another handling step which 
must be automated. 

3.2 Protein detection 

Since polyacrylamide absorbs in the same UV range as 
proteins, proteins must be stained in order to be visual- 
ized. The staining method should be effective for all pro- 
teins in order to allow quantitation and should be compati- 
ble with further analysis steps. By far the most commonly 
used protocols are Coomassie blue and silver staining of 
proteins. Although both methods are sensitive to protein 
sequence (especially silver), they are both linear over a 
wide dynamic range for most proteins. Standard Coomas- 
sie blue-stained gels can detect proteins down into the 
subpicomole range while silver staining extends this to 
the low femtomole region. In our experience, colloidal 
Coomassie staining is the easiest to use, although silver 
staining, if closely monitored, can be very reproducible 
[27]. Staining of individual gels is easy to automate and 
commercial apparatuses are available. Staining a large 
number of gels is much more difficult and spot intensities 
vary by as much as 20% from batch to batch. Both stain- 
ing methods require protein fixation (usually by precipita- 
tion with a high concentration of organic solvent or acids) 
which simultaneously removes SDS. This is convenient 
for subsequent analysis though it does render the pro- 
teins somewhat refractory to enzymatic digestion. 

An alternative is the use of fluorescence labeling, either 
covalently introduced into the proteins during equilibration 
between the first and second dimensions or by using fluo- 
rescently labeled SDS substitutes or fluorescent dyes 
[28]. Again, linearity of response and general applicability 
are the limiting factors for most fluorescent dyes, although 
the extended sensitivity range down to the mid-attomole 
level is exceptional. None of the methods suffer from side 
reactions which disturb further analysis; even silver stain- 
ing [29] shows little chemical modification. Gels are most 
commonly scanned by laser densitometers in the ab- 
sorbance mode, which gives a linear response from 0 to 
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3.5 OD units. Detection methods based on labeling with 
radioactive isotopes are extremely sensitive (subatto- 
mole) but are not well-suited for automation due to the dif- 
ficulty of correlating the positions of the spots on a film (or 
the computer printout of an image from a BaFBr:Eu*' 
storage screen) and on the corresponding gel matrix. 

3.3 2-0 gel analysis programs and automation 

If all the steps from sample preparation to scanning were 
to be automated and the gels were mechanically stable, 
then gel analysis would become trivial. This not being the 
case, several generations of software packages have 
evolved from those primordial programs running on the 
DEC PDP 11 family of minicomputers (such as Elsie, 
LIPS, Gellab and Tycho), through the second generation 
of Unix-based programs (Gellab-ll, Elsie-4, Kepler, Mela- 
nie, and Quest) to the third generation of Unix, NT and 
Mac programs (2D, Biolmage, Melanie-ll and Phoretix 
2D). Currently, gel distortions must be mathematically 
treated and gel images warped and transformed to allow 
gel matching. The analysis is a multistage process involv- 
ing spot detection, quantification, fitting and modeling, 
background subtraction, contrast enhancement and arti- 
fact removal, image alignment, and finally gel compari- 
son. Although these processes can all be carried out au- 
tomatically in batch mode (Melanie-ll and Biolmage), 
approximately 10% of the spots always remain and must 
be manually corrected and fitted due to the quality of the 
gel. Thus, although extremely complex mathematical cor- 
rections can be made, the limiting factor is the reproduci- 
bility of sample preparation, 2-D gel running and staining, 
and this should be the main focus of attention of automa- 
tion rather than computational 'face-lifting'. 

3.4 Limitations of 2-0 gel separations 

The advent of ultrasensitive MS techniques for protein 
identification has highlighted one of the shortcomings of 
wide pH range 2-D gel separations. Whilst this single gel 
format offers an immediate overview of the state of the 
proteome, many of the spots are inadequately separated. 
Partially overlapping spots can be resolved by computa- 
tional approaches but now it is becoming clear that many 
symmetrical spots contain two or more proteins. For pro- 
karyotes, about 20% of all spots contain one or more pro- 
teins (301; for eukaryotes, the number approaches 40%. A 
collaborative study by Proteome Inc. and PerSeptive Bio- 
systems [31] has shown in detail the extent and nature of 
spot cross-contamination in 2-D gels of yeast extracts. 
This was based solely on mass matching algorithms. 
Many of the spots contained three or more proteins. Al- 
though MS techniques are powerful enough to resolve the 
protein mixtures [32], multiple proteins per spot make in- 

terpretation of many experiments extremely difficult. This 
limitation can be eliminated almost totally, either by using 
very large format gels [33], or with a series of overlapping 
narrow pH range gels, a technique which has been 
termed 'Proteome Contigs' [34] by analogy to genome 
mapping. 

4 Protein digestion 

There are two approaches to analyzing the spots ob- 
tained from the 2-D separation: either a brute force analy- 
sis of all proteins can be undertaken, or a subtractive ap- 
proach in which only proteins which show altered 
expression levels between the control and experimental 
state are chosen for analysis. Several approaches have 
been put forward for the total analysis approach. The 2-D 
gel may be gridded, cut into a series of 1 mm3 cubes and 
each one digested and analyzed (H. Langen, unpublish- 
ed); or the proteins may be electroblotted through a mem- 
brane which has a protease covalently bound to it and the 
resulting peptides are trapped on a second hydrophobic 
membrane (D. F. Hochstrasser, unpublished) for direct 
analysis in a scanning MALDI mass spectrometer. Alter- 
natively, once the series of gels has been analyzed, the 
spots selected for further analysis may be excised by a 
robotics system for individual processing [35]. The Aus- 
tralian Proteome Analysis Facility (APAF) has developed 
such a system, in collaboration with a robotics company, 
ARRM (Advanced Rapid Robotics Manufacturing, Kent 
Town, South Australia), which is now commercially avail- 
able. The robot excises spots, either from gels or PVDF 
membranes, and places them in a 96-well plate for auto- 
mated proteolysis by a second robotics system (marketed 
by Canberra Packard, Downer's Grove, IL, USA) which 
subsequently loads the digests together with matrix onto 
a multi-sample MALDI target plate. The analysis of 288 
protein spots from a single 2-D membrane blot was 
achieved within ten working days. Ideally, the 2-D analy- 
sis software should select the spots for analysis and 
download the spot coordinates to the robot for subse- 
quent excision. This is simple to implement for PVDF 
membranes, but gels are more difficult since they deform 
easily, especially during spot excision, and they are prone 
to drying out. A prerequisite therefore is a mechanically 
stable gel as discussed previously. Other automatic di- 
gestion devices have been described [36, 371. The per- 
formance of all such apparatuses are limited by sample 
loss to surfaces and the concentration limit imposed by 
the use of proteases. 

4.1 Enzymatic digestion 

The most commonly used exo- and endoproteases have 
a K, in the 5-50 mM range, which means that they are 
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operating at 50% maximum velocity with a protein con- 
centration of 5 pmol/pL, which is equivalent to a strong 
Coomassie-stained spot. A medium intensity silver-stain- 
ed spot may contain 200 femtomoles of protein in a vol- 
ume of 20 pL, 500 times less than the K,; thus the pro- 
teolytic activity toward the substrate will be minimal, while 
autolysis rates will be relatively high. The correlation be- 
tween the decrease in the number of peptides produced 
and protein concentration is well documented [38, 391 but 
little attention has been paid to the root cause. The critical 
concentration appears to be around 100 ferntomoles/ 
20 pL; below this, virtually no peptides are recoverd. The 
extreme sensitivity of MS compensates for this to a cer- 
tain extent but also serves to mask the problem. A digest 
of 50 pmol/20 pL BSA produces around 60 main peptides 
and the % mole recovery is around 95%. In contrast, for 
100 fmoV2O pL, only six peptides are seen, with a recov- 
ery of around 5%. 

In order to obtain maximal yield and sequence coverage, 
the protein must be concentrated from the 2-D gel spot in- 
to a volume ca. 500 times smaller in order to return to the 
K, range of endoproteases. Several methods of concen- 
trating proteins from 2-D gel spots (originally intended to 
concentrate protein from multiple bands) have been de- 
scribed [4W2] .  Spots from multiple gels can be concen- 
trated into a final volume of 1-5 pL for digestion. The 
other problem of increasing sample loss at lower concen- 
trations has been analyzed; a simple but elegant solution 
was proposed in which the peptides are collected by plac- 
ing C18 or Poros RR beads into the digest medium, pre- 
venting loss and allowing sample cleanup [43]. We have 
recently constructed a device to concentrate protein to- 
gether with protease into a final volume of 50 nL before 
trapping the peptides onto a hydrophobic membrane [39]. 
We are adapting this method to accomodate 100 spots 
excised from a 2-D gel in the format of a standard MALDI 
multi-sample target, thus eliminating all sample handling. 
Total automation, especially when carried out in the envi- 
ronment of a clean room, is an important step toward 
avoiding contamination, by keratins for example, espe- 
cially as the sensitivity levels are increasing rapidly. 

4.2 Chemical digestions 

An alternative to enzymatic digestion is residue-specific 
chemical cleavage which does not suffer the drawback of 
a K,-type limitation. The most useful and least prone to 
side reactions is cleavage by cyanogen bromide in acid 
solution, which is specific for methionine. The reaction 
can be carried out in the gas phase and does not produce 
contaminating peaks like those found with autolysis using 
proteases. Other reactions such as cysteine cleavage by 
2-nitro-5-thiocyano-benzoic acid, tryptophan cleavage by 

BNPS-skatole (2-(2-nitrophenylsulfenyl)-3-methyl-3-bro- 
moindolenine), the cleavage of Asn-Gly bonds by hydrox- 
ylamine and acid cleavage of Asp-Pro bonds, are well 
documented but of little use due to the scarcity of the ami- 
no acids or bands and to side ractions. Recently the 
group of Tsugita [44] proposed several new site-specific 
chemical cleavage methods which can be carried out in 
the gas phase using proteins immobilized on PVDF mem- 
branes. Treatment with 0.2% pentafluoropropionic acid 
(PFPA) aqueous vapor at 90°C for 4-16 h lead to e spe- 
cific cleavage C-terminal to aspartic acid whereas expo- 
sure to S-ethyl trifluorothioacetate vapor at 5OoC for 6- 
24 h leads to a cleavage Nterminal to serine and threo- 
nine [45]. Both methods showed little evidence of side re- 
actions and could be carried out in the gas phase. These 
reactions are easy to automate and could be performed 
directly on a MALDI target. 

5 Mass spectrometry: protein identification 
using MS data 

In order to achieve high throughput protein identification, 
a hierarchical approach must be taken. The first level is 
very rapid, low-information content data accumulation to 
identify the bulk of the proteins, followed by a second lev- 
el of lower throughput, high-information content data gen- 
eration to define the rest. Finally, a third level of labor- 
intensive data accumulation can be carried out to 
define post-translational modifications. In practical terms, 
MALDI-based peptide mass fingerprinting is the ideal first 
step, followed by MS/MS peptide fragment fingerprinting 
as the second. 

5.1 Peptide mass fingerprinting 

In 1993, five groups independently proposed the idea of 
peptide mass fingerprinting [46-501. The concept is that 
the set of peptide masses obtained by mass spectromet- 
ric analysis of a digestion of a protein with a specific pro- 
tease can act as a fingerprint, and this property is unique 
to that protein. Therefore the set of masses can be used 
to search a protein database in which the sequences 
have been replaced by the calculated fingerprints to find a 
similar pattern. 

5.1.1 Data accumulation 

Peptide mass fingerprinting can easily be adapted to a 
high-throughput format. Protein spots automatically ex- 
cised from 2-D gels can be destained (50 mM potassium 
ferricyanide and 50 mM sodium thiosulphate for silver), 
washed, dehydrated and then perfused with trypsin using 
a standard fluid delivery robot station. Furthermore, the 
resultant digest can be automatically loaded onto a 
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MALDI sample target together with matrix. Protocols for 
high throughput analysis have been described [51] for in- 
gel digestion in a low-salt, nonvolatile buffer allowing the 
analysis of hundreds of proteins per day. Most MALDI 
mass spectrometers now come with sample plates capa- 
ble of holding 100-10 000 samples. In order to process 
such a high sample volume, data accumulation must be 
monitored on-line to ensure a reasonable quality level. 
Fuzzy logic feedback control [52] and other algorithms 
have been implemented which allow sequential sample 
measurement. The spot is searched until a reasonable 
signal is found and then the laser power is optimized (re- 
duced to the minimum possible) to obtain high resolution 
spectra before a spectrum is accumulated and written to 
disk and the process moves on to the next sample posi- 
tion. 

5.1.2 Data extraction 

The next stage is the extraction of the peptide fingerprint 
data from the mass spectrum. The first step is to identify 
all the peaks in the spectrum and to calibrate the spec- 
trum using predefined internal standards (either added 
externally or, more often, using autolytic fragments of the 
protease used). The spectrum must contain enough data 
points for a reasonable curve fitting to allow peak identifi- 
cation, although for weak peaks and low numbers of data 
points, a Maximum EntropyTM algorithm can be used to 
match a theoretical isotope pattern to the experimental 
data. The ideal MALDI-TOF-MS for high throughput pep- 
tide fingerprinting should be capable of very rapid =. 4 Ghz 
data capture with at least 0.1 ns resolution and possess 
an ion gate which removes all slow moving ions > 5000 
d z  from the flight tube to allow a very high laser pulse 
rate. High S/N ratios could be achieved with more data 
points over the peaks. Once peaks are fitted, the mono- 
isotopic peak must be identified and extracted for the fin- 
gerprint file. Several MS firms have now implemented 
such data extraction procedures which are carried out au- 
tomatically after data accumulation and the fingerprint file 
can be submitted to the database searching program. 

5.1.3 Mass accuracy 

The effect of mass accuracy was shown early on to be a 
critical factor for the confidence level of peptide mass 
searches [47]. Mass errors can now be kept at 30 ppm or 
lower using 'natural' internal standards (such as known 
tryptic autolytic fragments) over the range of 800-3000 
m/z. The use of nitrocellulose [53] as a substratum onto 
which the matrix can be added allows much more uniform 
crystallization and peptide signals are located over the 
entire target spot. The sample can also be washed with 

ice-cold water to lower the effect of salt contamination. 
The development of delayed extraction MALDI-MS, in 
which the ions are not extracted immediately after the la- 
ser impulse but are allowed 100-300 nanoseconds to 
equilibrate before the ions ae accelerated, allows meas- 
urement to within 5 ppm. If an initial search is carried out, 
keeping the mass error search parameter fixed at 30 ppm 
or less and partial digest products are ignored, a single 
high scoring match is usually obtained. After matching as 
many of the remaining masses as possible to the top 
scoring sequence (allowing incomplete digestion, defined 
modifications and lowering the mass accuracy to 80 ppm 
for example, using the program Pepldent and FindMod, 
http://expasy.hcuge.ch [54]), a "second pass search can 
automatically be carried out to identify the next compo- 
nent in the mixture (551. A related approach applies 
Bayes' Theorem to test the hypothesis that a protein 
matches a database entry (W. Profound et a/., Proceed- 
ings of the 43rd ASMS Conference on Mass Spectrome- 
try and Allied Topics, Atlanta, Georgia, 1995). The proba- 
bility of a match being correct is calculated taking into 
account the MS data and background information (pl in- 
tact M,, efc.) and the prior probability for the hypothesis 
given the background information only, to calculate the 
likelihood probability for the data given the hypothesis 
and the background information. One of the limiting fac- 
tors when using peptide mass searching to identify pro- 
teins in a sequence database is the presence of very 
large proteins. These tend to dominate the high scoring 
positions when the mass accuracy of the search or the 
number of masses used is low. 

5.1.4 Orthogonal data 

One of the fundamental problems of database searching 
is how to determine the confidence level of a search re- 
sult. In order to resolve this, additional parameters can be 
included, such as a molecular weight estimate, limiting 
the number of mismatches allowed, or using a scoring 
system weighted according to the frequency of occur- 
rence of a mass in the protein of a given mass range. 
These restrictions are not readily applicable to sequences 
derived from genomic or EST data since only partial or 
fragmented sequences (due to introns or reading-frame 
shifts) are represented and the accuracy of EST sequen- 
ces is lower since they are obtained by single-pass DNA 
sequencing. The random noise element in the database 
search can be minimized by using two or more orthogonal 
data sets [56]. Data from two protease digests with differ- 
ing specificities (e.g., AspN and LysC) can be combined. 
Alternatively, a single digest can be measured in the na- 
tive state and again after carrying out a chemical modifi- 
cation on the sample plate (such as methylation, acetyla- 
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tion or deuterium exchange). This greatly increases the 
confidence level but doubles the analysis time. 

5.2 Peptide tagging 

5.2.1 Ragged termini 
An alternative to using dual digestions or native and 
chemically modified digests is to exploit the sequence in- 
formation that is already present in a simple peptide fin- 
gerprint. Trypsin cuts at Lys and Arg, two of the most 
abundant amino acids in proteins. Consequently there 
are a comparatively large number of repetitive sequences 
such as KK, RR, KKR, etc., in proteins. Since trypsin 
cleaves randomly at these sites and has an intrinsically 
low exoprotease activity, ragged C-termini are produced. 
On average, 2.5 such sequence tags are found per pep- 
tide mass spectrum [57]. These sequence patterns are al- 
so found with other proteases such as AspN, LysC, 
Glu(Asp)C and can easily be extracted and used for pro- 
tein database searches. Two N- or C-terminal sequence 
tags were reported to be enough to unambiguously identi- 
fy a protein in most cases. Ragged N- or Ctermini can be 
efficiently generated by sequential endo- and exopepti- 
dase digestions and the extracted data used to search se- 
quence databases [58]. The confidence level of protein 
identification is much higher than simple fingerprinting 
alone; however, the method suffers the same drawback 
as enzymatic digestion, namely the effectiveness of the 
exoprotease activity drops rapidly with decreasing peptide 
concentrations and increasing numbers of peptides in a 
digest. 

5.2.2 Chemical tag generation 

As with enzymatic digestion, the alternative to exo- or en- 
dopeptidase ragged termini generation is the use of se- 
quential chemical degradation steps. The use of a single- 
step manual Edman degradation of peptide mixtures to 
generate a single N-terminal amino acid tag has been 
shown to be effective [57] but the derivatization causes a 
loss in sensitivity by a factor of approximately 10 and the 
washing step can cause extensive sample loss. Essen- 
tially, the method is an abbreviated form of ‘ladder se- 
quencing’ in which automated Edman degradation using 
phenylisothiocyanate was carried out in the presence of a 
low amount of sequence terminator (phenylthiocyanate) 
and the resulting ladder of peptide fragments was ana- 
lyzed by MALDI-MS [59]. A modified form of this proce- 
dure without a chain terminator generates the peptide lad- 
der by adding equal aliquots of starting peptide each 
cycle and driving both the coupling and cleavage reac- 
tions to completion [60]. The main drawback is the extra 
number of handling steps though the retention of the pep- 
tide terminal amine allows for subsequent modification 

with quaternary ammonium alkyl NHS esters to improve 
sensitivity. We have recently developed a thioester-based 
degradation that can be carried out using aqueous re- 
agents on peptides immobilized on C-18 reverse-phase 
beads immobilized in a Teflon membrane. The procedure 
can be carried out on one hundred protein digests simul- 
taneously on a single membrane fixed in a MALDI target 
which can be inserted directly into a mass spectrometer 
for analysis. 

6 Mass spectrometry: protein identification 

6.1 MSlMS data acquisition 
Conceptually similar approaches to protein identification 
by peptide mass fingerprinting using the MSIMS fragmen- 
tation pattern from a single peptide have been proposed 
[61, 621. Tandem mass spectrometry of peptides was pio- 
neered in the 1980s by D. Hunt et a/. [63] for low energy, 
triple quadrupole instrumentation and by K. Biemann [64] 
for high-energy, four-sector magnetic instruments. The 
first mass scanning stage is used to isolate a single pep- 
tide before acceleration of the ions through a region of 
higher pressure containing a collison gas such as argon. 
The second mass scanning stage is used to measure the 
masses of the fragments arising from the peptide as a re- 
sult of collisionally activated dissociation (CAD). Post- 
source decay (PSD) spectra can be obtained using TOF 
instruments equipped with ion gates and mirrors by in- 
creasing the laser power by a factor of two over that need- 
ed to obtain a normal spectrum. A large fraction of the 
desorbed ions obtained by MALDl undergo ’delayed’ frag- 
mentation before reaching the detector as a result of mul- 
tiple collisions of the peptides with the matrix during 
plume expansion and ion acceleration. The set of ions 
produced by either technique can be used to determine 
the sequence of the peptide. The set of fragment masses 
acts as a fingerprint for the peptide and can be used to 
search sequence databases for similar peptides. PSD 
analysis should be amenable to automation, and curved 
field reflectrons which allow an entire fragmentation spec- 
trum to be accumulated in one scan have made it simpler 
to carry out. However, it suffers from the disadvantage 
that PSD spectra are difficult to obtain from peptide mix- 
tures and some form of fractionation should be carried out 
prior to analysis [65]. 

using MS data 

6.1.1 Static vs. dynamic nanospray 

The accumulation of CAD-MSIMS fragmentation data is 
somewhat more time-consuming than simple peptide fin- 
gerprinting, though the data obtained has a much higher 
information content. Essentially two approaches to ob- 
taining high sensitivity MSIMS data can be taken using an 
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electrospray interface to a triple quadrupole, ion trap or 
quadrupole-TOF mass spectrometer: either the digest is 
sprayed as a mixture directly from a capillary with a 
1-10 p~ exit tip at very low flow rates (c 50 nUmin) [66- 
701, or via a nanospray on-line separation method such 
as CZE or HPLC. The peptide mixture can then be ana- 
lyzed automatically using a program to pick out the ions 
for MS/MS, which has the advantage that certain impuri- 
ties such as autolytic fragments and gel-derived contami- 
nants can be filtered out using a look-up table [71]. This 
approach has been successfully used to sequence entire 
proteins [72]. The dynamic CZWHPLC approach is much 
more sensitive than the static nanospray method since 
the peptides are more concentrated, by a factor of 50 or 
more [73]. Both methods have the advantage that they 
can be combined with parent ion scanning. Scans for the 
parents of common fragmentation products of peptides, 
such as immonium or phosphate ions, allow determina- 
tion of peptide ion masses even when these ions have 
signal-to-noise ratios of one in the mass spectrum [74]. 
However, the greatest advantage of the dynamic methods 
is that they can easily be interfaced with an autosampler 
allowing automated sample clean-up. 

6.1.2 CZE- and HPLC-MS 

Two approaches are being taken to combining an on-line 
peptide separation with automatic MS/MS data accumula- 
tion, capillary zone electrophoresis and high performance 
liquid chromatography. A microscale, variable flow LC- 
MS setup has been described which allows complex pep- 
tide mixtures to be analyzed in a fully automated way. 
The HPLC is run at 200 nUmin and the eluting peptides 
are monitored by the MS. Once a peak of interest elutes, 
the flow is dropped immediately to approximately 2 n U  
min, allowing the MSlMS accumulation to be extended 
from 15 s (the peak width from the column at high flow) to 
10 min [73]. During this time, the MS spectra can be auto- 
matically optimized by varying the collision energy and 
averaging until the SIN is above a specified level. The 
second advantage is that the SIN increases by a factor of 
30 or more as the flow rate decreases. This can be 
combined with a series of scans known as a 'triple-play' 
on the Finnigan LCQ ion trap, during which a full MS scan 
is followed by a high resolution scan over the parent ion 
of interest before the MS/MS scan. After optimization [75] 
the peak parking can give sensitivities in the < 10 femto- 
mole range. The disadvantage of this method is that a 
normal 30 min HPLC run can be extended to over 6 h, 
though the amount and quality of the data obtained is ex- 
cellent. 

The alternative approach of CZE-MS was limited for a 
long time by the volume of liquid that could be loaded onto 

a column for separation. Two groups have described the 
development of on-line hydrophobic membrane [76] or a 
miniature C-18 reverse-phase column [77] as a precon- 
centration device for CZE-MS analysis of peptide mix- 
tures. Large sample volumes (> 100 pL) can be loaded 
onto the membrane and washed before being eluted with 
a small (c 10 nL) plug of organic solvent at the start of the 
CZE separation. Detection limits are in the mid-attornole 
range for peptide mass measurement, and c 10 femto- 
mole for collision-induced dissociation. An analogous 
technique to HPLC 'peak parking' can be carried out us- 
ing CZE, which has been called 'reduced elution speed 
C E  [78]. In this case, the voltage can be dropped, or even 
reversed, to slow the osmotic flow direction and adjust the 
speed of elution. Currently, CZE- and HPLC-auto-MS/MS 
offer the most advanced automated protein identification 
system possible, and have been combined with autosam- 
plers and automatic database searching. 

6.2 MS/MS database searching 

6.2.1 Raw data searches - Sequest 

Algorithms for searching sequence databases using unin- 
terpreted MS/MS spectra have been developed over the 
past four years. The most widely used of these is Se- 
quest, developed by J. Yates and J. Eng at the University 
of Washington, Seattle [61]. The program was originally 
intended for searching protein databases using MS/MS 
fragmentation spectra of unmodified peptides but has 
been subsequently extended to allow searching with 
post-translationally modified peptides [79], DNA database 
searching [80], PSD and high energy CAD or PSD data 
[el, 821. Essentially, the program searches for all pep- 
tides in the database (a protease can, but does not have 
to be defined) which have the same mass as the parent 
ion (within a defined mass window) and then matches the 
predicted MS/MS spectrum with the experimentally deter- 
mined one, and finally carries out a cross-correlation anal- 
ysis of the best scoring peptides in order to determine the 
best match. The program can automatically strip all the 
MS/MS data from an HPLC-auto-MS/MS data file, search 
the databases and then produce a summary of all the in- 
dividual search results. The power of this approach lies in 
the ability to deal with proteins present as mixtures and 
molar ratios of 30:l even at the low femtomole levels [83]. 
Several other programs have now been described, which 
are available on the web, that can use uninterpreted spec- 
tra, such Fragfit - part of the Prowl software suite (http:// 
prowl.rockefeller.edul) - at the Rockefeller Institute, New 
York, and MS-Tag - part of the ProteinProspector suite 
(http://prospector.ucsf.edu/) - at the University of Califor- 
nia, San Francisco. These programs take advantage of 
another source of information present in fragmentation 
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spectra besides the sequence ions, the presence or ab- 
sence of immonium ions which are indicative of certain 
amino acids. 

6.2.2 Partial MWMS interpretation -tag 

Another algorithm for protein identification in sequence 
databases, Peptidesearch, was developed by M. Mann 
[62]. The MS/MS spectrum must be manually inspected 
to find a group of ions which form a series from which a 
small sequence (the tag) can be read and used with the 
intact peptide mass, the mass from the N-terminal to the 
start of the tag sequence, and the mass from the end to 
the tag to the Cterminal. to search the databases. Since 
the search can be carried out using only the tag and the 
Nterminal mass, for example, the algorithm can identify 
peptides carrying undefined post-translational modifica- 
tions. The program can also carry out mixed searches, for 
example, a tag search with a peptide mass search, and 
then combine the results. Other programs have been de- 
veloped which combine various elements of Sequest and 
Peptidesearch such as MassFrag [65], No-name [84] and 
Fragfit [32]. 

searching 

6.2.3 Automated MS/MS interpretation and 

The original approach to protein identification, the manual 
interpretation of an MS/MS spectrum to obtain a peptide 
sequence for use in a homology search such as BLASTA 
or TFASTA [85, 861 is receiving renewed attention. Early 
attempts at automated MS/MS spectra interpretation 
used a partial correlation method to fit increasingly longer 
sequences to a spectrum (such as SEQPEP [87]) or used 
a pattern matching approach such as that described by 
Hines [88]. Recently a program was developed by Lutke- 
fisk [89] which uses the set of possible sequence interpre- 
tations of an MS/MS spectrum generated by SEQPEP to 
search sequence databases using a modified FASTA ap- 
proach. An alternative to this method is to generate se- 
quence ions in the MUMS spectrum that contain an iso- 
topic signature that allows them to be immediately 
identified as Nterminally derived b or C-terminal y series 
ions. Digestion of proteins in 50:50 '80/'60-labeled water 
produces peptides which appear as doublets in the mass 
spectrum with a spacing of two mass units between the 
peaks. This is due to the introduction of a water molecule 
from the solvent during the hydrolysis of the peptide bond 
[go]. The b ions in the MS/MS spectrum thus appear as a 
singlet whilst the y ions appear as doublets. This has 
been used as the base for automated de novo sequence 
tag extraction for database searching using a high-resolu- 
tion quadrupole/time-of-flight mass spectrometer [91]. 

database searching 

Several alternative chemical approaches have been used 
to specifically label the Nterminus of a peptide with an 
isotopic label though this has been less successful due to 
a certain lack of discrimination between alpha (Ntermi- 
nal) and epsilon (lysine) amino groups and to the drop in 
detection sensitivity incurred by removing a basic site. 

7 Data evaluation and databases 

7.1 Large-scale protein analysis 
Recent advances in protein identification using mass 
spectrometric data to search sequence databases have 
allowed a broader approach to be taken to biological 
problem solving. The 'proof of principle', that MS data can 
be successfully combined with large-scale 2-D-based pro- 
teome analysis, was provided by the group of M. Mann 
[92] and J. Yates 1301 who reported the analysis of 150 
spots from two-dimensional gels of yeast and 303 spots 
from Haemophilus influenzae, respectively. Up to 90% of 
the yeast proteins could be identified by high accuracy 
peptide mass fingerprinting. However, this method tends 
to underestimate the number of proteins present in a 2-0 
gel spot. Automated MSlMS and database searching with 
uninterpreted peptide fragmentation spectra showed that 
at least 10% of the prokaryotic spots contained two or 
more proteins using a broad pH range gel (4-8), increas- 
ing to as much as 50% for eukaryotic organisms. Current- 
ly 'only' fifty spots can be analyzed in one day using an 
autosampler and reverse-phase chromatography/auto- 
mated electrospray tandem mass spectrometry [93]. The 
MS-based methods can be useful even when a complete 
genome sequence is not available as seen by the charac- 
terization of the human multi-protein spliceosome com- 
plex using EST-database searching [94]. 

7.2 Data interpretation tools 

The automation process does not stop once the database 
searches have been carried out. High throughput protein 
analysis requires the development of software tools to aid 
data interpretation to present meaningful trends and con- 
clusions to the experimentalist. In the case of HPLC or 
CZE-autoMS/MS runs, the resulting data files are enor- 
mous and not much can be obtained from manual view- 
ing. In order to compare various files, powerful data analy- 
sis software packages are required. One of the earliest 
programs, which was widely used and user-friendly, was 
MacProMass [95] developed in T. Lee's laboratory for in- 
terpreting mass spectral data obtained from MS protein 
analysis. A second generation program, Sherpa, was 
developed at the University of Washington, Seattle by 
A. Taylor [96]. The program can search concurrently 
against multiple protein sequences, compare two LC/MS 
files concurrently, search for glycosylated and phosphory- 
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lated peptides, and give a simple evaluation of the quality 
of a match between the data and a prediction. Such tools 
are invaluable aids to analysis. A variant of the Sequest 
program was recently described by J. Yates [97] to com- 
pare collision-induced dissociation spectra of peptides for 
library searching and subtractive analysis of tandem 
mass spectra obtained during LC/MS/MS experiments. 

Since only few laboratories have the resources to develop 
such tools, the trend now is to make software available 
via the WWW, either as downloadable programs, transi- 
ent JAVA scripts or as on-line services. Database search- 
es can be carried out using HTTL data input forms from a 
distant client and small JAVA scripts can be downloaded 
to clients for data analysis. For more demanding data 
analysis, helper programs can be made available and 
downloaded from the website. An interesting example of 
such a project has been published [98] describing the 
construction of the Prowl protein analysis tool kit. Access 
to sequence database and search machines such as 
BLAST are now common over the web. Slowly the next 
generation of tools for large-scale data interpretation are 
appearing, for example, the Swiss Institute of Bioinformat- 
ics Expasy site in Geneva which provides many services 
for proteome analysis as well as being the home of anno- 
tated databases such as SWISS-PRO1 and ProSite 
(http://expasy.hcuge.ch/). In order to be useful, such data 
must be able to be shared between laboratories. Software 
must be developed which can access databases and in- 
teract with nonrelated query programs in a highly hetero- 
geneous computer network environment. CORBA (Com- 
mon Object Request Broker Architecture) applications 
are being applied in the bioinformatics area to enhance 
utilization, management, and interoperation between bio- 
logical resources [99]. In the case of proteomics this 
means the processing and comparison of 2-D images 
should be made possible over the web. Both JAVA and 
CORBA tools are now being developed, for example, 
Make2ddb to generate a web-based Proteome map 
[loo], Flicker, a program to allow the comparison of gels 
over the web [ l o l l .  erc. A highly laudable data integration 
interface has been developed at the Institute for Chemical 
Research, Kyoto University, Japan, the Kyoto Encyclo- 
paedia of Genes and Genomes (KEGG; http://www.geno- 
me.ad.jp/kegg/). The website provides a graphical inter- 
face with which one can explore metabolic and regulatory 
pathways that consist of interacting molecules or genes 
and it provides links from the gene catalogues produced 
by genome sequencing projects. 

7.3 Database management 

Genomes are arriving in the databases almost monthly 
now and forty are scheduled to be finished by the end of 

the decade. The large amount of information brought by 
such analyses brings with it new problems: how to bring 
some order to the data, especially with the large number 
of genes of unknown function. Computer programs can 
be used to extract possible open reading frames (ORFs) 
and match them against current sequence databases to 
find homologous proteins with known functions. However, 
this is a perilous undertaking; for example, let us assume 
that a gene XYZ in rat was cloned after its isolation and 
characterization as a sodium pumping ATPase. The com- 
puter then finds ORF 1 from organism A is 70% homolo- 
gousto this gene and annotates it as a sodium pump 
homolog. This annotation is propagated by computer 
analysis to ORF 2,311 of organism 8, which is to be 65% 
homologous to an ORFl from organism A. As the number 
of genome sequences increases, this eventually leads to 
the annotation of ORF X in organism J as a sodium pump 
although it has no homology to the only characterized 
gene product, that of rat gene XYZ. Thus, databases an- 
notation must be carefully monitored, and projects like 
SWISS-PROT, run by A. Baircch in Geneva, Switzerland, 
are becoming increasingly important in preventing data- 
bases from drowning in computer speculation. 

7.4 Overall data management and process 

Most of the basic components of automated high through- 
put proteomics already exist. What is needed is a stand- 
ardized format for data acquistion, storage, and querying 
(interpretation). When dealing with such large-scale proj- 
ects, tasks such as tracking samples, linking samples to 
gels, gels to spots and spots to sequence database en- 
tries become overwhelming and software is urgently 
needed to prevent chaos. The data generated in such 
projects is vast; 2-D gel images occupy around 4 MB 
each, an HPLC-MS/MS run occupies up to 40 MB, and 
sequence databases are expanding continuously and re- 
quire around 400 MB. In order to deal with such vast 
amounts, parallel computing must become much cheaper 
and user-friendly for programing [102]. Data compression 
without losses must be implemented to speed retrieval 
and searching [103]. Many of these tools are being devel- 
oped but, unfortunately, only within companies, making 
the platforms inaccessible to the academic researcher. A 
commercial platform which allows integration of home- 
built tools and data sharing on a common format between 
labs would be highly appreciated. 

control 

8 Future trends 

As yet, no viable alternative has been put forward to 2-D 
PAGE. Many new developments in the technology were 
described at the Siena 2-D electrophoresis meeting in 
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1998. The research firm Large Scale Biology (Rockville, 
MD, USA) has developed instrumentation to allow one 
hundred gels a week to be run in an upscaled version of 
the famous Iso-Dalt format. Proteome Inc. (Beverley, MA, 
USA) have developed a fully automated instrument, the 
Proteomatron, on which six large-scale (40 x 40 cm) gels 
can be cast, run, and stained without handling. The sensi- 
tivity of protein detection is also increasing: multiphoto de- 
tection (MPD) imagers capable of detecting lo-'' mole- 
cules using radiolabeling have been developed by 
BioTraces (Fairfax, VA, USA). Moreover, two experimen- 
tal conditions can be run on the same gel if they are la- 
beled with different isotopes such as '9 and l3lI .  Since 
the isotopes can be distinguished, two images can be ob- 
tained and the differential protein expression visualized. 
This level of sensitivity, which allows tiny amounts of ma- 
terial to be analyzed, could be combined with the recently 
developed technique of laser capture microdissection 
(commercially available from Arcturus Engineering) which 
can excise selected populations of cells or areas from tis- 
sue slices to produce proteome maps of specific anatomi- 
cal regions. Another application of isotopic labeling is the 
use of metabolic labeling using amino acids containing a 
specific isotope of an element such as 15N. This can be 
used to accurately quantitate the rate of protein synthesis 
or degradation of a protein by comparing the ratio of nor- 
mal and isotopically labeled peptide peaks, or quantifica- 
tion of the absolute amount if a standard amount of unla- 
beled material is mixed with the sample. 

Mass spectrometric analysis of proteins directly from 2-D 
PAGE is being actively explored. Intact protein mass 
measurements have been reported using an infrared la- 
ser to desorb and ionize samples directly from PVDF 
blots [104]. The direct UV laser desorption of proteins 
directly from the first-dimension IPG strip has been 
described and suggested as an alternative second dimen- 
sion to mass separation by 2-D PAGE. The main disad- 
vantage is that proteins can rarely be confidently identi- 
fied on the basis of mass and estimated p/, especially 
those from eucaryotic organisms. Indications are appear- 
ing, however, that fragmentation of intact proteins in the 
MS can be obtained by either delayed extraction MALDI- 
TOF or by Fourier transform ion cyclotron MS to give 
enough 'sequence tag' information to identify the protein 
[I  05-1 071. Transblotting, the electroblotting of an entire 
2-D PAGE gel through a membrane covalently modified 
with a protease onto a PVDF membrane, has been pro- 
posed as part of a molecular scanner project (D. F. Hoch- 
strasser, unpublished). The PVDF membrane can then 
be coated with matrix and scanned with a MALDI-MS to 
reconstruct a 2-0 gel image from the peptide ion current 
intensity. The peptide masses found within a spot contour 
can then be automatically sent for a mass-fingerprinting 

search and a 2-D image with protein identification mark- 
ers is generated. 

A new field of research that is beginning to have an im- 
pact on proteome research is nanotechnology. The field 
is advancing so fast that realistic alternatives to 2-0 
PAGE could emerge; the combination of CZE with a hy- 
drophobicity-based separation, for example, is under de- 
velopment. Chip technology is already making its pres- 
ence felt and a solid-phase extraction-CZE device has 
been constructed and interfaced to a standard mass 
spectrometer, allowing extremely sensitive autoMS/MS 
analyses [108]. The advantage of these devices is that 
they are cheap to manufacture in bulk and can be made 
disposable, ensuring no cross-contamination of samples. 
Also, multiple samples can be loaded by a robotic pipeter 
to wells which can be individually addressed. Karger's 
group in Boston has developed a microdevice with an in- 
tegrated array of channels and electrospray tips for high 
throughput ESI/MS analysis. The sample wells on the mi- 
crodevice are arranged in the standard 96-well plate for- 
mat, and each well is connected by a microchannel to an 
independent ESI tip. A computer-controlled mounting 
stage is used to position each electrospray tip in front of 
the sample orifice of the mass spectrometer. Analysis 
times of less than 10 s per sample can be achieved. 

The ultimate aim of proteomics, however, must be the in- 
tegration with other related fields. The combination of 
gene expression and proteome studies (including post- 
translational modifications), lipid and oligosaccharide 
compositions and fluxes through metabolic pathways can 
ultimately be combined into complex databases which will 
allow whole organisms to be compared (which is espe- 
cially useful for targeting differences between pathogenic 
and nonpathogenic bacteria for drug development). The 
uses of these databases are unlimited, ranging from mo- 
lecular scanners for diagnostics, drug discovery, dissect- 
ing signaling and metabolic pathways, as well as in gene 
function studies. The bottleneck for many of the future de- 
velopments in proteomics will be bioinformatics and the 
need for parallel computers to deal with such huge 
amounts of data. 
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Genomes and proteomes: 
Towards a multidimensional view of biology 

The third Siena proteomics conference held August 31-September 4, 1998, heralded 
a change in emphasis from technology development to using proteomics to assist in re- 
solving biological questions. In this review, proteomics is placed in context with other 
major influences in the way discovery research is conducted in biology. The current 
status of genomics is examined in its broadest sense, including how such studies may 
influence the development of proteomics. It is suggested that we are entering a new 
phase in biology where information is no longer limiting and integration of different 
technologies is required to attack the big problems of biology. While much of the focus 
of funding bodies, both in the public and private sector, is on practical outcomes (new 
drugs, etc.), the new technologies are equally amenable to attacking long-standing fun- 
damental challenges, such as cell division, cell patterning and morphogenesis. 
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1 Holistic biology 

Until very recently, biologists have studied molecules one 
at a time. There have been some quite heroic efforts in 
learning about biochemical pathways using this approach, 
whereby the individual components are identified step by 
step. The classical biochemical pathways were assem- 
bled in this manner using protein biochemistry and genet- 
ic analysis [l]. A combination of insensitive analytical 
techniques and the absence of tools for DNA sequence 
analysis made for slow progress. The molecular biology 
revolution changed the approach towards biological sys- 
tems. Although the functional molecules of biology are 
proteins, genes represent the information banks for pro- 
tein specification. In the last decade the discovery route 
has increasingly been through the genes made accessi- 
ble through gene cloning. Even with the advent of gene 
cloning, assembling pathways is a slow and challenging 

and cross-talk between pathways [2]. Biology is so com- 
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plex that one needs tools that allow a multiplicity of pro- 
teins to be studied simultaneously. In other words, there 
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is a need to introduce elements of parallel processing to 
tissue or even organism-wide studies. In this review, the 
technologies enabling such an approach will be dis- 
cussed. For the first time, the complexity of a biological 
system can begin to be approached in its entirety. 

1.1 The technologies enabling holistic biology 

There are two technologies now reaching maturity that 
herald the holistic revolution. These are genomics and 
combinatorial chemistry. I suggest that while genomics 
(largely DNA sequencing, and preparation of information- 
al maps of organisms) is a discipline in its own right [3], 
combinatorial chemistry [4] fits intellectually as a sub-set 
of the new technology of proteomics. a description of 
which forms much of this review. An outcome of genom- 
ics is the discipline of functional genomics whereby one 
uses DNA-based technologies to make inferences about 
organism structure and behaviour. Functional genomics 
is not clearly defined, although many researchers use the 
term to refer to large-scale analysis of gene expression 
patterns [5]. Here I shall summarise briefly the technolo- 
gies. 

2 Genomics 

Genomics is a word that encompasses many different 
technologies, all of which are related in some way to the 
information content of a cell, in other words, its DNA or 
RNA. Until recently, the field was primarily involved with 
information collection, organisation and mining. The func- 
tion of a gene is, of necessity, inferred rather than demon- 
strated in genomics as the field is primarily concerned 
with information rather than the functional products (pro- 
teins). There are a number of levels at which genomics 
can be considered. 

2.1 Chromosome maps and comparative gene 
mapping 

The big picture involves the generation of chromosome 
maps, whereby genes are identified and ordered along 
the chromosomes [6, 71. This information can be used 
comparatively both between species and also amongst 
individuals within a species. Gross rearrangements, gene 
deletions and polymorphisms within genes are all re- 
vealed in such studies. It is interesting that such basic in- 
formation has practical applications in, for example, hu- 
man medicine. Traditionally, karyotyping has been used 
to identify gross abnormalities and recently the new field 
of pharmacogenomics has been spawned from studies 
on gene polymorphisms [a]. 

2.2 DNA sequencing 

The automation of high throughput DNA sequencing has 
completely changed our view of biology. In the past, a 
fragmentary approach based on characterization of indi- 
vidual genes led to a highly dispersed view of the makeup 
of an organism. Now it is possible to systematically identi- 
fy the complete information content of an organism. The 
nucleotide sequence of the extremely simple bacterio- 
phage a-X 174 was completed in the late 197Os, at the 
time a tour de force [9]. Today it is becoming routine to 
sequence the genomes of whole microorganisms. Hence, 
the first free-living organism. Haemopbilus influenzae, 
was fully sequenced in 1995 [lo], Escbericbia coli fol- 
lowed in 1997 [ll], and now many prokaryotes are fully 
characterized [12]. Amongst these organisms are a num- 
ber of human pathogens such as Helicobacter py/ori [ 131 
and Rickettsia prowazekii, which causes typhus (141. 
Interestingly, these studies are now being extended to 
compare individual organisms within a species in order to 
seek, for example, pathogenicity genes. The first of such 
studies has recently been completed where two isolates 
of H. py/ori, one from a patient with a duodenal ulcer, the 
other from a patient with gastritis, were compared and a 
small number of candidate genes responsible for the dif- 
ferent pathogenicity were identified [15]. This opens up 
the integration of DNA sequencing with comparative map- 
ping studies. 

DNA sequencing initiatives are not only important for 
studies on simple organisms (prokaryotes and viruses), 
hence the first unicellular eukaryote, the yeast Saccbaro- 
myces cerevisiae, was fully sequenced in 1996 [16] and a 
multicellular eukaryote, the nematode worm Caenorbab- 
ditis elegans, was completed at the end of 1998 [ 171. We 
can expect very soon the complete sequences of the fruit 
fly, Drosopbilia melanogaster, the plant Arabidopsis tbali- 
ana and several other organisms. And the complete se- 
quence of the human genome is now within view as a re- 
sult of the entry of private sector groups into the race [la]. 

It is likely that complete sequencing efforts will become 
the norm for prokaryotes and indeed more than 70 such 
sequencing projects were reported in mid-1998 [19]. 
There are also more than 20 model eukaryote genomic 
sequencing programs underway [ I  91. Nevertheless, be- 
cause eukaryotes often have large amounts of noncoding 
DNA, most DNA sequencing efforts for more complex or- 
ganisms are likely to focus, at least in the first instance, 
on sequencing just the genes (and not the DNA between 
the genes). This is achieved by making a DNA copy of 
messenger RNA to generate expressed sequence tags 
(ESTs) [20]. Such databases are under construction for 
most organisms of interest to laboratory biologists (e.g., 
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Dictyosteliurn discoideurn [21]). Of course, this only pro- 
vides information on genes being expressed at the time of 
sampling; the complete information about an organism is 
assembled by examining each tissue where different 
genes are turned on. ESTs are interesting in that they 
provide tissue-specific information, which gives an indica- 
tion of function as a result of specific sets of genes being 
turned on. Databases of ESTs are much cheaper to con- 
struct than a full DNA sequencing program [22]. 

2.3 Bioinformatics for genomics programs 

The above DNA sequencing initiatives generate massive 
amounts of genetic code, which must be reduced to use- 
ful information. The field of bioinformatics encompasses 
the different elements of such information ordering. It in- 
volves finding the start, intervening sequences, and end 
of a coding DNA sequence as well as the upstream regu- 
latory elements, which give clues as to where and when 
the gene might be expressed. It is also possible to high- 
light sites for possible post-translational modification 
based on specific protein sequence motifs. Bioinformatics 
has been crucial to the microbial sequencing initiatives as 
much of the DNA sequencing involves studies on random 
fragments that are assembled using powerful informatic 
tools [12]. 

2.4 Functional genomics 

While most of the above discussion concering genomics 
involves informational rather than functional data, infer- 
ences can be made about function. Expressed sequence 
tags give indications of transcriptional (but not necessarily 
translational) gene activity, and, when this is related to a 
specific tissue or a disease state, it becomes a discovery 
tool to find proteins likely to be relevant to the question 
under study. Several companies are developing the ability 
to organise large numbers of oligonucleotides on chips so 
that expression of specific proteins can be monitored [23]. 
In the case of some microbes (e.g., the yeast S. cerevi- 
siae), the expression state (i.e., mRNA levels) of the 
whole organism can be studied and the response to drugs 
investigated [24]. There are still some technical hurdles, 
but the new chip-based technologies give confidence that 
this will become a robust experimental tool in the near fu- 
ture. 

2.5 Pharmacogenomics 

People are not all the same and there are an increasing 
number of genetic polymorphisms being identified which 
are relevant to disease state. It is generally accepted that 
few of the major human diseases have single gene de- 

fects as their cause [25]. Cystic fibrosis is one exception 
where mutation in a chloride channel gene, CFTR, is suffi- 
cient to cause the disease [26], but even in this case the 
genetic background has some influence on its severity. 
Nevertheless, it is clear that an individual's genotype con- 
tributes to hidher predisposition to specific diseases or 
likelihood of infection. By screening for such differences, 
it will be possible to build up genetic profiles on an individ- 
ual basis. There are also gene polymorphisms that affect 
how an individual metabolises drugs. Clearly, if a new 
drug is to be registered, the side effects must be accepta- 
ble and it is not appropriate if a large number of people re- 
act to the drug adversely. The concept behind pharmaco- 
genomics is to identify groups within the community who 
can be treated with a particular drug or, alternatively, to 
be able to screen out those patients who would react ad- 
versely to a given drug. Hence, the power of pharmacoge- 
nomics may well be to allow the introduction of some 
drugs which would otherwise not be registered because 
of their adverse affects on specific groups in the commun- 
ity [27]. 

Pharmacogenomics points to differences between individ- 
uals at specific gene loci, and where such loci are associ- 
ated with disease, potential differences in susceptibility 
can be inferred. For pharmacogenomics to be feasible, it 
must be possible to rapidly and cheaply screen for the 
status of particular gene variants in individuals [28]. Al- 
though the discovery side of pharmacogenomics, be., the 
existence of different alleles, is still largely the province of 
academic researchers, there is now a major corporate in- 
terest in commercialising this technology. In a recent 
short perspective, twenty-two corporate projects were 
outlined [29]. The initial effort is to develop diagnostic 
tests as the forerunner to use of pharmacogenomics in 
product developments. In fact, a number of pharmacoge- 
nomics partnerships that were announced in 1998 are di- 
rected towards new products or revisiting old products. 
For example, there is intense interest in the role of poly- 
morphism in the cytochrome p450 3A4 gene in metabolis- 
ing various classes of currently marketed drugs [30]. The 
outcomes of such studies will give information on the tox- 
icity and efficacy of particular drugs on people with differ- 
ent genetic makeup. 

2.6 Structural genomics 

The success in functional genomic screening described 
above has led to extending the concept of inferring func- 
tion from information. For a numer of years now, molecu- 
lar and computational biologists have sought to infer the 
three-dimensional structure of a protein from its primary 
sequence. In the case of proteins that are members of a 
gene family, where at least one of the members has had 



Towards a multidimensional view of biology 101 

has been extended to study location of the relevant pro- 
tein or domain of the protein by making green fluorescent 
protein fusions with the relevant gene [38]. Alternatively, 
the activity of a particular gene can be interfered with indi- 
rectly using antisense or ribozyme technology [39]. The 
outcome of both of these approaches is to prevent mes- 
senger RNA transcription or prevent the translation of the 
messenger RNA and, hence, the functional molecule 
(protein) is not synthesised. 

its structure determined by X-ray crystallography or NMR 
structural techniques, it is possible to infer structure of a 
new family member by reference to a known structure 
(311. Such a study points to interesting areas of the struc- 
ture that might require further examination. An extension 
of this approach is to computationally fold up a protein 
based on assembling its primary sequence into a three-di- 
mensional shape [32]. This is still a challenging but very 
active area of current research. Because there are now 
several thousand structures determined, it is possible to 
conceive that within the not-too-distant future all protein 
folds will effectively be known [33]. The above-mentioned 
bioinformatics groups have developed automated rou- 
tines for predicting structures of literally thousands of pro- 
teins sequenced in microbial genomics initiatives. 

An extension of this is to attempt to experimentally deter- 
mine the complete tertiary structures of all proteins in a 
given organism [34]. International consortia have been 
formed to conduct pilot projects. The concept at this stage 
is to express proteins of an organism of choice in E. coli 
to determine the three-dimensional structure of all pro- 
teins. Pilot projects concern H. influenzae, and two ther- 
mophiles: Pyrobaculurn aeropbilurn and Methanococcus 
jannaschii [35]. This in itself is a daunting task as many 
proteins are not soluble and do not form crystals. Such 
proposals take little notice of post-translational modifica- 
tions, which are found on most eukaryote proteins. How- 
ever, a few years ago many thought that sequencing even 
a prokaryote genome was an impossibly difficult project! 
A follow-up of such a huge effort would be an investiga- 
tion on how the proteins in an organism interact with each 
other. In fact, such experiments are already underway 
without necessarily knowing the structure of the interact- 
ing proteins (see Section 4.7.3). 

3 Transgenics: gene manipulation in vivo 

Genomics gives us information, but we as biologists really 
wish to know about function. One way to approach the ac- 
tivity of particular genes in the context of a whole organ- 
ism is to manipulate a particular gene in vivo. There are 
various ways that this can be done and for some organ- 
isms gene manipulation in vivo is becoming relatively rou- 
tine. Broadly speaking, interference with gene activity can 
be done at the DNA level by actually disrupting, or delet- 
ing, the gene using homologous recombination tech- 
niques (361. A corollary of such an approach is reinsertion 
of the gene (and potentially analyse at different copy num- 
ber) or a modified form of the gene. This has been done 
in a number of functional studies. For example, myosin 
function in D. discoideum has been probed by inserting 
various segments of the gene in a mutant strain or by 
site-directed mutagenesis [37]. Recently, this approach 

Effectively, this is the study of function, one gene at a 
time. It is difficult to implement with essential genes as 
lack of an essential protein leads to death of the organ- 
ism. There are various "tricks" that can be used, such as 
production of temperature-sensitive forms of the protein, 
to overcome this difficulty. Obviously, it is easier to imple- 
ment such projects in haploid rather than diploid organ- 
isms. To disrupt or alter a particular gene is, in general, a 
time-consuming process as the native gene must be tar- 
geted and inactivated in some way. However, in some or- 
ganisms, this is now becoming quite straightforward [40]. 
Again, this is easier to do if the organism is haploid and 
can be easily transformed. This applies to the yeast 
S. cerevisiae and the slime mould D. discoideurn. These 
organisms can be readily stored as spores; strain collec- 
tions comprising thousands of strains are thus easy to 
maintain. Even complex organisms such as the mouse 
are now relatively easy to transform and, hence, gene dis- 
ruptions are now commonplace, although the challenge 
of maintaining transgenic mouse strains is costly [41]. 

How does one use a transgenic microorganism or ani- 
mal? The first question is whether deleting the gene af- 
fects mortality and other gross aspects of morphology, 
physiology or behaviour. If there are such gross effects, it 
is possible to study this a little more closely by, for exam- 
ple, over-expressing the gene or perhaps, expressing 
portions of the gene, to determine functional domains of 
the protein product [42]. A second approach is to use ge- 
nomics to probe in a more holistic fashion the outcome of 
the disrupting of a particular gene. By using messenger 
RNA display techniques, which are now being developed 
using chip technology, one can get an understanding of 
the changes in gene expression caused by the absence 
of a particular protein. It is crucial to understand that the 
absence of a particular protein almost never means that 
the only change in the organism is that the deleted protein 
is absent. An organism is a network and the disappear- 
ance of one protein leads to some proteins increasing in 
amount and others disappearing. There may also be 
changes in post-translational modifications. This is best 
studied at the protein level because, after all, organisms 
use proteins as their functional molecules. This leads us 
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to the field of proteomics, the study of protein expression 
on a global basis. 

4 Proteomics 

Protein science was once a slow and difficult art form. 
Since proteins can not be easily amplified (unlike DNA 
where PCR has revolutionised isolation and amplification 
of minute amounts of nucleic acids), sufficient material to 
characterize a protein must be extracted from the tissue 
under study and separated from contaminating proteins. 
Since eukaryotic tissue samples may comprise several 
thousand proteins (431, as well as numerous post-transla- 
tionally modified forms of many of these proteins [44], it is 
not surprising that proteins have traditionally been purified 
and characterized only after a long and tedious process 
involving a number of steps. The development of a purifi- 
cation protocol for a particular protein may take several 
years [45]. While monoclonal antibody technology and its 
use for affinity purification of proteins from complex mix- 
tures has simplified the purification process, there is still 
the requirement for the establishment of a hybridoma line 
for each protein to be purified. And the process remains a 
serial one (i.e., only one protein is purified at a time) [46]. 

For many years it has been possible to array proteins by 
two-dimensional gel electrophoresis, but the amount of 
each protein separated has been at least one order of 
magnitude below the amount needed for chemical char- 
acterization [47]. Before protein analysis could approach 
the power of DNA characterization, two things were need- 
ed. First, it was necessary to develop semipreparative 
methods for purifying proteins in parallel. Second, more 
sensitive techniques for protein characterization were 
needed [48]. The simultaneous solution to both of these 
problems has led to a huge burst of activity in protein sci- 
ence. To reflect this paradigm shift, a new name has been 
given to describe the field that has opened up: “proteo- 
mics” the study of proteins expressed by a genome (sim- 
ple organism) or tissue [49]. It is now possible to conceive 
of a complete description at the protein level of an organ- 
ism, or tissue under a given set of conditions. Unlike the 
genome of an organism, which is the essentially fixed in- 
formation base underpinning the organism, the proteome 
is a varying feature, subject to changes due to develop- 
mental stage, disease state, or environmental conditions. 

4.1 Proteomics technology - lessons from 
genomics 

For proteomics to be widely adopted, a robust technology 
must be established that allows the large-scale discovery 
research needed for a holistic approach to protein sci- 
ence. There are various ways that this could be imple- 

mented and the pace of change is such that it is likely that 
today’s technology will become dated very quickly. It is in- 
structive to consider what has happened in the develop- 
ment of genomics to seek parallels in the emergence of 
proteomics. Genomics is based primarily on sequencing 
of DNA, or using such information to assist in constructing 
ancillary features of genomics, such as chromosome 
maps, and pharmacogenomics. The ability to amplify 
DNA is central to essentially all of the technologies used 
in genomics. This involves preparing sufficient numbers 
of copies of the DNA of interest. PCR has revolutionised 
this activity [50]. Such amplified DNA is either sequenced 
directly or cloned into an E. coli vector for further amplifi- 
cation and sequencing. Large pieces of DNA (chromo- 
some fragments obtained using rare base cutting restric- 
tion enzymes) may be inserted into a yeast artificial 
chromosome (YAC) or bacterial artificial chromosome 
(BAC) for amplification [51]. In this way a complex organ- 
ism can be broken into smaller DNA fragments, which in 
turn can be subdivided into smaller pieces (in bacterial 
plasmids) of a size suitable for direct DNA sequencing. 
Genomic sequencing can be ordered using such progres- 
sive techniques, where the piece of DNA sequenced can 
be located on a chromosome. Alternatively, a “shotgun” 
approach can be taken where the genome is randomly 
cleaved and small DNA fragments sequenced. In this sec- 
ond approach the genomic sequence is assembled using 
informatics. This works well for prokaryotes and has re- 
cently been proposed for use in sequencing the human 
genome [52]. It is unlikely that protein amplification will be 
possible in proteomics. Instead, amplification will be 
achieved by an enrichment process, where proteins of in- 
terest are differentially extracted (e.g., on the basis of sol- 
ubility, organelle location, or physical characteristics such 
as ability to bind specific ligands [53]). Unlike genomics, if 
two-dimensional gels are used to array the protein sam- 
ples, proteins are systematically presented so that one 
can minimise the amount of repetition in analysis. 

Once the DNA sample is available for sequencing in ge- 
nomics, or the protein arrayed for proteome analysis, the 
question is what technology is to be used, remembering 
that one wants the highest possible throughput and fideli- 
ty in analysis. In genomics there have been a number of 
quite different technologies explored over the last decade. 
These include: (i) traditional gel-based separation of DNA 
to obtain the sequence by tracking the changes as each 
base is added to an extending DNA copy [54]; (ii) determi- 
nation of sequence based on hybridisation of a target 
piece of DNA with a chip that contains many combinations 
of DNA oligomers [55]; (iii) mass spectrometry (MS), pro- 
posed as a rapid means of sequence polymorphism iden- 
tification, based on measuring the mass of different DNA 
fragments. An advantage of MS is that it requires no prior 
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the small amounts of proteins separated. A small group of 
dedicated researchers persisted with two-dimensional gel 
separations in combination with sensitive techniques such 
as Western blotting. Celis and co-workers [61] have used 
such an approach over many years to produce the first 
detailed proteome maps involving diseased human tis- 
sue. Another group of researchers sought to develop the 
original superb separations achieved with two-dimension- 
al gels into a reliable preparative technique. The key inno- 
vation was to adopt the immobilised pH gradient technolo- 
gy developed by Righetti [62] and apply it to high-load 
two-dimensional gels. Several groups in Europe (Dunn, 
Gorg, Hochstrasser, Pallini) have perfected highly repro- 
ducible two-dimensional gels that contained milligram 
loading of proteins [63-65]. Rabilloud [66] and Herbert 
[53] have developed differential extraction techniques to 
display a complex tissue over several two-dimensional 
gels on the basis of differential solubility. By seeking ap- 
propriate detergents to keep protein samples soluble 
through both the first- and second-dimensional separa- 
tions, not only soluble proteins, but also highly insoluble 
membrane proteins can now be arrayed in preparative 
loads. A further refinement of the two-dimensional elec- 
trophoresis technique is to use narrow-range pH gradi- 
ents to stretch out the sample in the first-dimensional sep- 
aration. Of course the two-dimensional gel step can be 
prefaced by a range of sample preparation steps (isola- 
tion of organelles, etc.). The outcome of combining the 
above is likely to be a series of two-dimensional gels for a 
specific sample that are reconstructed using informatic 
techniques. This is the future for parallel protein array pri- 
or to characterization. 

labeling as do gel-based methods [28]; and (iv) scanning 
tunneling microscopy, proposed as a means of directly 
visualising a DNA sequence [56]. Gel-based techniques 
are probably the most primitive of the above possibilities, 
but they have been perfected and they work. Virtually all 
genomic sequencing to date has used gel-based instru- 
ments and while DNA chips and mass spectrometry are 
coming of age for special applications, it is certain that the 
human genome will be completed with gel-based tech- 
niques. Hybridisation on chips is coming of age for 
screening expression of genes in complex tissues and 
there are now chips that display the S. cerevisiae ge- 
nome, or a specific human tissue [57]. This has a big fu- 
ture. Scanning tunneling microscopy is perhaps the most 
sophisticated of all of the methods, but it is both too late 
and probably too complex to be of practical utility in ge- 
nomics. 

What are the lessons for proteomics? Some researchers 
have expressed reservations about two-dimensional gel 
technology as a practical possibility for protein array in 
large-scale proteomics, instead preferring to use a combi- 
nation of liquid chromatography steps. It is true that there 
are remarkable developments in microfluidics and apply- 
ing proteins to chips (especially in the biosensor area 
[58]), but fundamentally one requires sufficient molecules 
to study and so there are practical limits to miniaturisa- 
tion. It is also possible to study complex mixtures of pro- 
teins with mass spectrometric techniques, and so some 
argue that it is not necessary to purify proteins [59]. My 
personal view is that simplicity always has its attractions. 
Two-dimensional gel technology works, albeit it requires 
skill to prepare gels with mg quantities of protein loaded 
[60]. Hundreds of proteins can be separated and charac- 
terized in a single gel. Just as the core technologies in ge- 
nomics have consolidated around gel technology, proteo- 
mics is likely to consolidate around the two-dimensional 
gel for protein array. 

4.1.1 Automation: turning technologies into 

Scientists in mid-career in the 1990s have grown up with 
a pipette or a micropipette in their hand. They are accus- 
tomed to doing things one at a time in a manual fashion. 
The instruments of the 90s on the other hand are moving 
towards automation where human intervention is mini- 
mised. This is done for several reasons, probably the 
most important of which is to ensure accuracy of execu- 
tion of very large numbers of repetitive tasks. 

fast throughput systems 

4.2 Protein array using two-dimensional gels 

For many years two-dimensional gels were neglected as 
a purification technology as it was difficult to characterize 

4.3 Protein characterization 

Proteins are characterized using attribute matching tech- 
niques such as describing their size, isoelectric point, 
presence of modifications, solubility, start and finish (N- 
and C-terminus, respectively). The act of arraying pro- 
teins using two-dimensional gels already provides infor- 
mation about size and pl. Traditionally, the start of a pro- 
tein was determined by Edman sequencing, which is slow 
and expensive, but providing the protein is not N-terminal- 
ly blocked, gives sufficient information to identify the pro- 
tein based on a short sequence of 4-8 amino acids. With 
the development of blotting technologies by Matsudaira 
[67] it became possible to sequence proteins from prepa- 
rative two-dimensional gel blots. More recently, it has be- 
come possible to determine one or two amino acids at the 
C terminus, although sensitivity is still a problem with this 
technology. Proteins can also be identified from two-di- 
mensional gel spots based on their amino acid composi- 
tion and matching to the composition of proteins in data- 
bases [68,69]. 
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All of the above technologies are being superseded by 
mass spectrometric identification of proteins [70]. This 
has become possible through a combination of improve- 
ment in mass spectrometric technologies and the devel- 
opment of databases of DNA (protein sequence) informa- 
tion. Peptides, and their fragments, can be weighed with 
such accuracy that, by reference to databases, a particu- 
lar peptide and its fragmentation pattern can lead to the 
identification of the protein. In effect, mass spectrometry 
and the weighing of molecules is now the preferred way 
for doing protein characterization. Not only can proteins 
be identified, but their modifications can also be charac- 
terized by taking into account the mass of modifications 
such as phosphate, sugars and other protein modifica- 
tions. 

4.4 Proteomics: differential protein display 

Many applications of proteomics relate to phenotypic dif- 
ferences between treatments, be it a pathogenic versus 
nonpathogenic strain of a particular microorganism or 
cancer versus normal tissue. Here the focus is on quickly 
finding differences and then focusing on the nature of 
these differences. Such studies complement a genomics 
approach based on differential display [71]. Differential 
display in both genomics and proteomics is still in its in- 
fancy, with method development still a major focus. Note 
that the absence of a protein or a change in its modifica- 
tion may be as crucial as the presence of a new protein. 
In cancer biology, it is now well understood that cancer is 
often a combination of new activities such as making cell 
division constitutive (e.g., loss of growth factor require- 
ment) and loss of control functions (such as failure of cell 
death to occur) [72]. Using two-dimensional display tech- 
nology, an obvious outcome of imaging gels of controls 
and treatments is the identification of differences. There 
are a number of software packages for two-dimensional 
gel analysis such as Melanie (731 and PDQuest [74] 
where alterations can be automatically highlighted. With 
complex tissues, it is important to study the differences, 
as what may appear to be the disappearance of a protein 
may instead be a change in its modification (see Section 
4.5). In order to conduct detailed studies on differential 
display, it is important to be able to array a complex tissue 
sample over more than just one two-dimensional gel. This 
of necessity involves fractionation techniques; to be able 
to make sense of such fractionated samples, great care 
must be taken in quantitating the fractionated tissues. 
There are various other ways that proteins can be differ- 
entially distributed in tissues. For example, a gene may 
be expressed but the protein product may be differentially 
located under different conditions (e.g., membrane-asso- 
ciated or soluble). 

4.5 Post-translational modifications 

Perhaps the defining difference between proteomics and 
genomics is in the area of post-translational modifica- 
tions. It is now clear that the activity state of a protein of- 
ten depends on its modification state. While the expres- 
sion of a gene may be the same in two situations, if the 
phosphorylation status is different this may signal an ac- 
tive protein under one set of conditions and an inactive 
protein under the other. For example, it is clear that signal 
transduction pathways, the cell cycle, and many other 
crucial pathways in eukaryote development are depend- 
ent on phosphorylation/dephosphorylation cycles [75]. 
Recent studies on cytoplasmic glycosylation indicate that 
sites that can be phosphorylated can also be glycosylated 
[76]. A given serine or threonine residue may thus have 
one of three activity states: unmodified, glycosylated, or 
phosphorylated. Only studies at the proteome level clarify 
such diversity. In other cases proteins may be differential- 
ly processed so that they occur in different forms. Indeed, 
the complexity of processing at the mRNA level can be 
enormous. For the cell adhesion molecule (CAM) a num- 
ber of differently spliced forms are known to produce both 
cell surface and secreted forms of the protein from the 
same gene [77]. Little is known about the abundance of 
the different forms at the protein level, but such analysis 
is now possible through proteomics. If there is a charge or 
size difference as a result of the post-translational modifi- 
cation, the different forms of the protein are easily sep- 
arated using two-dimensional gels. For the cancer sup- 
pressor protein p53, different forms of the protein have 
been identified by two-dimensional display [78]. 

4.6 Combinatorial chemistry 

An area almost as well-developed as genomics is that of 
combinatorial chemistry, which describes the technology 
for finding small molecule targets in drug discovery. Just 
as high throughput DNA sequencing revolutionised ge- 
nomics, the development of rapid combinatorial chemis- 
tries for manufacturing huge numbers of small molecules 
has, in combination with rapid screening technologies, 
opened up new ways of finding, in a randomised fashion, 
molecules of interest [79]. The technology involved is be- 
yond the scope of this review but the real relevance is that 
it offers an indirect approach to functional studies on pro- 
teins and, in practical terms, drug discovery. 

4.7 New opportunities for proteomics 

4.7.1 Structural proteomics 

Currently there is a massive effort underway in individual 
laboratories around the world to determine the structure 
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actual quantitation is not easy. When it becomes possible 
to quantitate the number of protein molecules, it will be 
feasible to walk around metabolic pathways and under- 
stand potential bottlenecks. 

of all proteins and the structural genomics initiatives have 
already been discussed. While the genomics approach 
will yield a huge amount of data for prokaryotes, there will 
be problems with post-translational modifications (E .  coli 
will not necessarily handle the modifications correctly) 
and some proteins will not fold correctly. This will be a 
major issue for studies on eukaryotes [80]. A proteomics 
approach might be to seek to develop techniques for 
structure determination of native proteins arrayed in a 
form similar to two-dimensional gels. There are new mass 
spectrometric techniques for determining compact and 
accessible regions of proteins, giving ‘Yunctional” structur- 
al information. Since techniques for growing protein crys- 
tals are being miniaturised it is not impossible that eventu- 
ally the amounts of material arrayed on preparative gels 
will be sufficient for X-ray crystallographic study. 

4.7.2 Quantitation of cellular proteins 

There is surprisingly little attention paid to the numbers of 
protein molecules in cells. It is relatively easy to estimate 
the number of molecules of the most abundant proteins 
and this is of the order of 100 million molecules for a eu- 
karyotic cell, representing several per cent of the cell’s 
protein content (e.g., actin). The least abundant proteins 
are more controversial, although it is hard to imagine a 
rare protein could find its site of action if there were less 
than 100 molecules made. This means a dynamic range 
of approximately one million from the least to most abun- 
dant proteins. It is not feasible to analyse such a dynamic 
range without prefractionating the proteins in some way. 
When no fractionation is carried out, finding the rare pro- 
teins in a huge excess of the abundant proteins becomes 
impossible. If, for example, one is displaying proteins us- 
ing two-dimensional gel array, many rare proteins would 
be hidden underneath an abundant protein spot. The an- 
swer to this, of course, is to fractionate the sample so that 
abundant proteins are specifically removed. Affinity tech- 
niques are often available for specifically removing abun- 
dant proteins, while, conversely, rare proteins can be con- 
centrated using the same techniques. 

The new characterization techniques using mass spec- 
trometry are not well suited to quantitation. Currently, it is 
a difficult process to quantitate cellular proteins because 
techniques such as amino acid analysis or Edman se- 
quencing must be used. High throughput techniques for 
such analyses are limited by sensitivity at the level of ap- 
proximately one picomole. It is possible to quantitate pro- 
teins according to staining using, for example, silver stain 
or one of the new generation fluorescent stains that are 
becoming available. The problem here is that such stains 
vary in their intensity depending on the protein; compara- 
tive estimates of protein levels can therefore be done but 

The questions that the above discussion ultimately ad- 
dresses include “how important is the amount of any par- 
ticular protein?” and also ‘Yo what extent can the amount 
change without affecting the system?” In bacteria, at 
least, it is becoming possible to address such questions 
by deleting particular genes and replacing them under 
tightly regulated promoters so that the amounts of protein 
produced can be accurately controlled. Of course, this as- 
sumes that the amount of protein produced is related to 
the level of gene expression and it is now well known that 
this is not always the case [el]. Such a study has been 
conducted on the chemotaxis system in E. coli [82]. The 
amounts of protein CheR, which is responsible for chemo- 
receptor methylation, were manipulated. Varying the in- 
duction of the gene approximately 100-fold led to an ap- 
proximately 10- to 50-fold variation in the amount of 
protein. Adaptation proved to be a robust feature of the 
system, while other features such as time to adapt and 
the actual steady-state behaviour were sensitive to levels 
of protein. Clearly, this is the beginning of a new world 
where complex phenotypes will be dissected, both in 
terms of the component parts and also the quantitative 
amounts of the components. 

4.7.3 Protein-protein interactions 

Cells are clearly more than bags of molecules and it has 
long been suspected that there is order in protein interac- 
tions. As detailed analysis of signaling pathways leads to 
precise studies on the components of such pathways, the 
importance of protein dimerization and interaction is be- 
coming clear. For example, in transmitting signals from a 
cell surface receptor via the RaWMeklERK pathway which 
leads to gene activation, key proteins first dimerise and 
then interact with other proteins [83]. Just as gene analy- 
sis was done one gene at a time in the past, so has the 
study of protein-protein interaction been a single interac- 
tion process. The yeast two-hybrid system is a molecular 
biologist’s way of looking at how proteins talk to each oth- 
er, or, more particularly, which proteins talk to each other 
[84]. Western blotting has long been a protein chemist‘s 
way of looking at protein-protein interactions (in this case 
the very special interaction between an antibody and its 
antigen). There is good reason to suspect that proteomics 
will develop blotting techniques for studying protein-pro- 
tein interactions between two-dimensional gel-separated 
proteins, although of course if such interactions require 
protein oligomerisation, then native two-dimensional gels 
may be required. Mass spectrometry is emerging as the 
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new protein interaction tool [85]. It is possible to investi- 
gate, with judicious use of proteinases, the interaction re- 
gions of proteins. 

5 New ways of doing science: 
public sectorlprivate sector 

5.1 The public sector 
The public sector represents a huge reservoir of experi- 
ence in biology. There are thousands upon thousands of 
university and medical research labs, each investigating a 
particular aspect of a problem of interest. The develop- 
ment of a cancer cell line, for example, that exhibits par- 
ticular properties in comparison with an untransformed 
cell line provides the basis for large-scale interrogation of 
the changes occurring in cancer. This is also true in the 
development of databases, where a large number of pub- 
licly funded initiatives have produced hundreds of data- 
bases. The challenge for the future is whether such data- 
bases will continue to be supported solely by public 
funding or whether other means can be devised to main- 
tain their operations [86]. With difficulties in funding being 
experienced by laboratory researchers in the university 
and the medical scene, there has been a huge pressure 
to seek other sources of funding and this has led to an ag- 
gressive assessment of the status of basis research labs 
by the emerging biotech community. Nowhere is this 
more apparent than in the U S A  where 180 biotech com- 
panies with $7.5 billion annual research and development 
expenditure have more than 300 products in clinical trials. 
To provide a context for this huge number of potential 
new products, Merck Corporation, a blue-chip company 
that invests US $1.7 billion in research, has only 20 prod- 
ucts in clinical trials. The world is changing and these fig- 
ures illustrate that change. It is important to remember 
that the above discussions largely focus on developments 
that are essentially one-dimensional, i.e., they involve ap- 
plying a particular technology, be it genomics or combina- 
torial chemistry, to a particular biological system. There is 
a new positive attitude towards multidisciplinary ap- 
proaches and the development of centres of excellence. 
A new initiative for a combined genomics and proteomics 
facility at Harvard University announced early in 1999 re- 
flects this trend. 

5.2 The private sector 

The economic miracle in the USA in the last decade has 
come about from small technology companies which 
started on the basis of an interesting idea and constructed 
a company around it. A decade of such start-ups is now 
beginning to require integration. The funding of the start- 
up companies has come largely from the very large Ag- 
Biotech and Pharma groups. Initially they were content to 

fund different aspects of technology development. Now 
they are increasingly seeking integrated solutions. In 
some cases, they are doing this by seeking out small 
companies or universities with different aspects of the 
technology jigsaw and putting the picture together them- 
selves. But the biotech companies have got the message 
and they are now beginning to integrate in their own right. 
As the approach to biology becomes more holistic, it is 
necessary to develop more integrated structures. 

6 Thefuture 

6.1 Integration of proteomics, genomics and 

The purpose of all the technological developments out- 
lined in this review is ultimately to progress our under- 
standing of living organisms. We are at the beginning of 
an information deluge much greater than even the most 
optimistic seers would have predicted five years ago. 
Some would argue that biology will soon become a cyber 
discipline where all the ingredients are known and the 
challenge is to make sense of it all. This underestimates 
the importance of experimental biology, although biolo- 
gists can no longer confine their interest to a single mole- 
cule or even pathway. It is time to think about integration 
both at the informatic as well as experimental levels. This 
is the future, and it promises many challenges. 

Many people have contributed to sparking our interest in 
proteomics. l acknowledge specifically Denis Hochstrass- 
er and Thieny Rabilloud who have generously supported 
visits from young researchers from our Sydney group. 
The Australian government major national facilities pro- 
gram has supported the development of the Australian 
Proteome Analysis Facility (APAF), without which the tre- 
mendous boost to the development of proteomics in Aus- 
tralia would not have happened. The Australia Research 
Council and Australia Medical Research Council have 
supported research in my group that has encompassed 
proteomics. Particular thanks to Bio-Rad Australia and 
US groups who have supported our two-dimensional gel 
technology developments and to the Advanced Rapid Ro- 
botic Manufacturing group (Adelaide, Australia) who have 
made our entry into robotics such fun. Thanks to Marc 
Wilkins and Andrew Gooley for helpful comments on this 
manuscript. 
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The potential use of laser capture microdissection 
to selectively obtain distinct populations of cells 
for proteomic analysis - Preliminary findings 

Proteomics-based studies offer a powerful complementary approach to DNNRNA- 
based investigations and are now being applied to investigate aspects of many diseas- 
es including cancer. However, the heterogeneous nature of tissue samples often 
makes interpretation difficult. We have undertaken a study into the potential use of 
a novel laser capture microdissection (LCM) system to isolate cells of interest for sub- 
sequent proteomic analysis. Retrieval of selected cells is achieved by activation of 
a transfer film placed in contact with a tissue section, by a laser beam (30 or 60 pm 
diameter) which is focused on a selected area of tissue using an inverted microscope. 
The precise area of film targeted by the laser bonds to the tissue beneath it and these 
cells are then lifted free of surrounding tissue. Although the technique has been shown 
to be readily compatible with subsequent analysis of nucleic acids, little information is 
yet available regarding the application of protein-based analyses to the captured tis- 
sue. We report here preliminary data regarding the potential use of the LCM system in 
combination with two-dimensional electrophoresis to examine protein profiles of select- 
ed tissue areas. Electrophoretic profiles of proteins from normal and malignant renal 
tissue samples showed little change following LCM, nine selected proteins showed 
identical mass spectrometric sequencing profiles, and two selected proteins retained 
antigenicity. Dissection of epithelial tissue from a sample of normal human cervix re- 
sulted in enrichment of some proteins compared with analysis of the whole tissue. 
LCM will be a valuable adjunct to proteomic studies although further detailed validation 
is necessary. 

Keywords: Proteomics / Protein / Laser capture microdissection / Two-dimensional electrophore- 

sis / Sequencing 

1 Introduction 

Major advances in our understanding of the pathogenesis 
of diseases have been made at the molecular genetic lev- 
el, for example the identification of oncogenes and tumour 
suppressor genes in cancer [l], illustrating the power of 
such technologies. However, investigation of diseases by 
analysis of DNNRNA sequence information alone has in- 
herent limitations, amongst these the analysis of the phe- 
notype of multigenic phenomena, and the inability to pre- 
dict whether gene products are translated or have 
undergone post-translational modifications [2]. In addi- 
tion, the correlation between mRNA levels and protein 
concentration is often poor [3]. The use of proteomics- 
based strategies, examining the profiles of the "functional 
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units" or proteins of cells or tissues under particular condi- 
tions, is expanding rapidly, following relatively recent ad- 
vances in technology, and offers a powerful complemen- 
tary approach, overcoming some of these limitations of 
nucleic acid analysis. 

One of the main problems with the analysis of tissue sam- 
ples, either at the level of proteins or genes, is the hetero- 
geneous nature of the sample. Many different cell types 
are often present and in the case of diseased tissue, ab- 
normal cells may lie within or adjacent to unaffected 
areas. Previous approaches to overcome this and allow 
the examination of pure or enriched populations of cells 
have included the preparation of cell suspensions and ei- 
ther positive selection for the cells of interest or depletion 
of contaminating cells, often by immunological means. Of- 
ten used in conjunction with this initial strategy has been 
the subsequent generation of short-term selective cul- 
tures of particular cell types from the tissue. Such strat- 
egies have been used in many studies to produce exciting 
results but the extent to which the manipulations inherent 
in these approaches influence the protein expression pro- 
file is not known. 
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Various microdissection techniques have been employed 
to obtain pure or enriched populations of cells from tissue 
sections, including manual scraping of an area of tissue 
with a needle or other probe to positively select cells of in- 
terest [4. 51, or ablation of unwanted tissue using a target- 
ed ultraviolet laser microbeam and subsequent collection 
of circumscribed areas using a probe [6-81. However, 
these techniques are relatively time-consuming, require 
skilled operators due to the manual dexterity required, 
and in some cases are hampered by poor delineation of 
tissue and susceptibility to contamination. The use of 
membrane-based mounts for tissue sections has subse- 
quently facilitated the more rapid retrieval of cells follow- 
ing ablation of unwanted areas with an ultraviolet laser 
(MOMeNT - microbeam microdissection of membrane- 
mounted native tissue) and minimised contamination [9]. 

Recently a new infra-red laser capture microdissection 
(LCM) technology has been described which was devel- 
oped at the National Institutes of Health (USA) [1&12] 
and is now available commercially (Arcturus Engineering 
Inc., Mountain View, CA, USA). This allows the selective, 
relatively rapid microdissection of specific areas of tissue 
using a low maintenance system that is easy to operate. 
The capture of areas of tissue is achieved by activation of 
a transfer film by a solid-state near-infrared laser beam 
which is focused by the operator on a selected area of tis- 
sue under the microscope. The precise area of film, tar- 
geted by the laser, bonds to the tissue beneath it and 
these cells can then be lifted free of surrounding tissue 
and used for analysis. Although the technique has been 
shown to be readily compatible with subsequent analysis 
of nucleic acids, little information is yet available regard- 
ing the application of protein-based analyses to the cap- 
tured tissue. Such an approach may allow the more ready 
identification of differences in protein expression of se- 
lected cell types or areas of tissue, for example tumour 
tissue, with a minimal effect on the protein expression 
profile present in vivo. We report here preliminary data re- 
garding the potential use of the LCM system in combina- 
tion with 2-D electrophoresis to examine protein profiles 
of selected tissue areas, specifically examining protein 
electrophoretic mobilities, protein antigenicity, and protein 
sequencing following LCM. 

2 Materials and methods 

2.1 Materials 

All chemicals were Analar grade or equivalent and were 
purchased from BDH (Poole, Dorset, UK) or Sigma 
(Poole, Dorset, UK) unless listed below. CompleteTM pro- 
tease inhibitor cocktail tablets were from Boehringer 
Mannheim (Lewes, UK); ultracentrifuge microtubes from 

Beckman (High Wycombe, UK); urea from ICN Biomedi- 
cals (Thame, UK); CHAPS from Calbiochem (Notting- 
ham, UK); Pharmalyte, IPG strips, ECL system, Plus- 
OneTM silver staining kit and Hybond C from Amersham 
Pharmacia Biotech (Amersham, UK); protein assay kit, 
ammonium persulphate and TEMED from Bio-Rad (Hem- 
el Hempstead, UK); Protogel polyacrylamide solution 
from Flowgen (Hull, UK); mini gradient gels and molecular 
weight markers from Novex (San Diego, CA, USA); HSP- 
60 antibody from Santa Cruz (Santa Cruz, CA, USA); and 
P,-microglobulin antibody and secondary detection re- 
agents from Dako (High Wycombe, UK). 

2.2 Tissues 

Four samples of renal cortical tissue (two normal and two 
malignant) and normal tissue from one cervix (hysterecto- 
my specimen) were obtained from tissue specimens rou- 
tinely sent to the Department of Pathology. Areas of tu- 
mour selected by the pathologist were free of necrosis or 
haemorrhage. Briefly, small blocks of tissue (approxi- 
mately 5-10 mm cubed) were rinsed in sterile phosphate- 
buffered saline (PBS), pH 7.2, embedded in OCT com- 
pound, wrapped in foil and snap-frozen in liquid nitrogen 
within 30 min of surgical removal. Sections (5-10 pm) 
were subsequently cut using a Leica Cryocut 1800 micro- 
tome, stained using haematoxylin and eosin, and the na- 
ture of the tissue confirmed by a pathologist. Additional 
sections were also cut for protein analysis as described 
below. 

2.3 LCM 

For a comparison of effects of sample preparation and 
LCM on protein profiles, 8 pm sections of frozen renal tis- 
sue from each of the samples above were cut and alter- 
nately placed directly in lysis buffer (described below) or 
on clean alcohol-dipped glass slides. Sections on glass 
slides were placed on dry ice and then stained in batches 
of four sections at a time. Staining consisted of sequential 
incubations in 70% ethanol (1 min), haematoxylin (30 s). 
Scott's tap water (10 s), eosin (10 s), 70% ethanol (30 s) 
and 100% ethanol (2 x 30 s) with brief water washes be- 
tween most steps, followed by two final rinses in xylene 
(5 min each). Both the haematoxylin and eosin solutions 
contained Complete protease inhibitor cocktail. After brief 
air-drying, whole sections were then either scraped into 
lysis buffer or alternatively subjected to laser capture us- 
ing a PixcellTM laser capture microdissection system (Arc- 
turus Engineering Inc.) with image archiving workstation. 
Whole sections were captured using a 60 pm diameter la- 
ser beam typically at 30-80 mW power with pulse dura- 
tion of 50 ms and machine gun mode with a laser firing 
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pels and placed into sterile microfuge tubes for subse- 
quent sequencing. 

frequency of 1 shot per 500 ms. Typically 1000-3000 
shots were taken per cap. Caps containing tissue were 
used to seal Eppendorf tubes containing 100 pL of lysis 
buffer (containing Pefabloc) every 30 min, with tissue 
being solubilised by inversion of the tube between intro- 
duction of successive caps. As a preliminary demonstra- 
tion of the protein profile obtained following dissection of 
specific areas of tissue, cervix was used because the 
depth of the epithelial layer was compatible with the area 
of the minimal laser beam (30 pm). Collection of protein 
was essentially as described above with processing and 
subsequent LCM of whole sections or, specifically, the 
epithelial layer. 

2.4 Sample preparation and electrophoresis 

Sample lysis buffer was based on the ureahhiourea mix 
previously described [13] but contained 8 M urea, 2 M thio- 
urea, 2% w/v CHAPS, 1% w/v DTT, 0.8% Pharmalyte. pH 
3-1 0. Samples were centrifuged at 42 000 X g for 1 h at 
2OoC, the supernatant aliquoted and stored at -8OOC until 
analysis. Protein concentration was determined with a 
Bio-Rad protein assay kit. First-dimensional electrophore- 
sis was carried out using a Multiphor horizontal electro- 
phoresis system with 18 cm immobilised pH gradient 
(IPG) strips (pH range 3-10 nonlinear or 4-7 linear) and 
sample being applied overnight using the in-gel rehydra- 
tion method as previously described [14]. The rehydration 
solution contained 8 M urea, 2 M thiourea, 4% w/v CHAPS, 
0.46% w/v DTT, 20 mM Tris, 0.2% PharmalytB, pH 3-10, 
and a total sample volume of 450 pL containing 30-80 pg 
of protein was loaded per strip. Focusing was carried out 
at 20°C for a maximum of 50 pNstrip with 150 V for 
30 min followed by gradient increases to 300 V during 
the next hour, 600 V for the next hour and increasing to 
3500 V over the next 2 h. Total focusing was for 50- 
60 kVh. Second-dimensional electrophoresis was carried 
out with Bio-Rad Protean II xi vertical electrophoresis sys- 
tems using SDS-PAGE gels of 1 mm thickness (12%T. 
2.6%C) with a 4%T stacking gel. IPG strips were equili- 
brated for 2 x 15 min in 6 M urea, 30% v/v glycerol, 2% w/ 
v SDS in 0.05 M Tris-HCI, pH 6.8, containing 1% w/v DTT 
and 4% w/v iodoacetamide for the first and second period 
of equilibration, respectively. Strips placed on the vertical 
gels were overlayed with 1% w/v agarose and subjected 
to electrophoresis at 15 mA/gel overnight at 10°C using a 
Tris-glycine buffer. Following electrophoresis, gels for 
analysis were fixed and stained using the Plus-One silver 
staining kit (Pharmacia) and scanned using a GS-700 
scanning densitometer (Bio-Rad). Gels for sequencing 
were stained in 0.1% w/v Coomassie blue in 30% meth- 
anol, 10% acetic acid, 60% water for 5 rnin and destained 
for 10-20 min, spots were excised using disposable scal- 

2.5 Western blotting 

For Western blotting, 7 cm pH 3-10 (NL) IPG strips were 
equilibrated like the 18 cm strips (i.e. Section 2.4) but 
each was loaded with 10 pg of protein from a renal carci- 
noma tissue sample. Parallel samples were loaded which 
had either been sectioned directly into lysis buffer or sec- 
tioned, stained and subjected to LCM as described. Fo- 
cusing was at 3000 V (linear increase over the first hour) 
for a total of 5.25 kVh. For the second dimension, mini 
gradient SDS-polyacrylamide gels (8-1 6%) were electro- 
phoresed using Tris-glycine buffer at 125 V for 1 h 45 rnin 
using a Novex XCellTM Mini-Cell system. Rainbow molec- 
ular weight markers were coelectrophoresed. Proteins 
were transferred to Hybond-C nitrocellulose membranes 
using the Novex system for 1 h at 25 V with a transfer buf- 
fer of 12 mM Tris-base, 96 mM glycine, 20% v/v methanol, 
pH 8.3. Blots were blocked for 1 h in Tris-buffered saline, 
pH 7.6, containing 0.1 v/v Tween-20 (TBS-T) and 10% 
w/v dried milk. Blots were then incubated in TBS-T, 1% 
dried milk containing goat anti-HSP-60 (1/5000) and rab- 
bit anti-p,-microglobulin (1/500) for 1 h, washed in TBS-T 
and incubated sequentially in TBS-T, 1% dried milk con- 
taining biotinylated swine anti-rabbit immunoglobulins 
(1/2000) and biotinylated rabbit anti-goat immunoglobu- 
lins (1/2000), each for 1 h. Following further washing and 
incubation for 45 rnin in HRP-conjugated streptavidin 
(1/3000), blots were developed using the ECL system 
(Amersham) and HyperfilmTM ECL film. 

2.6 Peptide mass fingerprinting and 

Proteins from a single renal carcinoma sample were ex- 
amined in parallel gels following either sectioning into ly- 
sis buffer or sectioning, staining and LCM as described 
above. Following SDS-PAGE electrophoresis, the stained 
protein spots were excised from the gel and digested with 
trypsin essentially as previously described [15]. Following 
overnight digestion, 0.5 pL was sampled directly from the 
digest supernatants for MS analysis using a TofSpec 2E 
laser-desorption time of flight MS (Micromass, Manches- 
ter, UK). Peptide masses were screened against the 
OWL nonredundant protein database (270 000 entries) 
using the MOWSE search software [16]. The remaining 
digested peptides (> 90% of total digest) were extracted 
with washes of 5% v/v aq. formic acid and acetonitrile, 
pooled and dried. For sequence analysis, dried peptides 
were then derivatised with Nsuccinimidyl-2-morpholine 
acetate (SMA) to improve b-ion abundance and facilitate 
sequence analysis by tandem mass spectrometry [17]. 

microsequencing 
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Dried peptide fractions were treated with 7 pL of freshly 
prepared, ice-cold 1% w/v Ksuccinimidyl-2-morpholine 
acetate in 1.0 M HEPES (pH 7.8 with NaOH) containing 
2% v/v acetonitrile. Following reaction for 20 min on ice, 
the reaction was terminated by the addition of 1 FL hepta- 
fluorobutyric acid (HFBA) and diluted with an equal vol- 
ume of water. The solution was then injected in 3 X 5 pL 
aliquots onto a capillary reverse-phase column (300 prn x 
15 cm) packed with POROS R2/H material (PerSeptive 
Biosystems, Framingham, MA, USA) equilibrated with 2% 
v/v methanol /0.05% v/v TFA running at 3 pUmin. The 
adsorbed peptides were washed isocratically with 15% v/ 
v methanol / 0.05% v/v TFA for 30 min at 3 pUmin to elute 
the excess reagent and HEPES buffer. Derivatised pep- 
tides were eluted with a single-step gradient to 75% v/v 
methanol / 0.1 % v/v formic acid and collected in two 3 pL 
fractions. Derivatised peptides were then fully sequenced 
by low-energy collision-activated dissociation (CAD) us- 
ing a Finnigan MAT LCQ ion-trap MS fitted with a nanoe- 
lectrospray source [18, 191. CAD was typically performed 
with collisional offset voltages between -1 7 and -35 V. 

3 Results 

The LCM system is shown in Fig. 1 together with a dia- 
grammatic representation of the tissue dissection mech- 
anism. Examples of the types of microdissection possible 
using this equipment are shown in Fig. 2. Importantly, 
using the specimens and protocols described here, no 
gross effects were apparent on protein profiles following 
either the staining procedure or the staining procedure 
and LCM although some differences could be seen (Fig. 
3). Similarly, retention of antigenicity of the two proteins 
examined in this study, HSP-60 and P,-microglobulin, 
was not affected by the tissue preparation or laser treat- 
ment (Fig. 4). Nine of the ten protein spots excised from 
the gel were successfully identified in both the control and 

A 

Figure 1. (A) Pixcell laser capture microdissection appa- 
ratus showing the inverted microscope with laser attach- 
ment attached to a viewing screen and image acquisition 
computer, and (B) diagrammatic representation of the la- 
ser-mediated capture of cells from a tissue section on the 
microscope stage. A cap containing the UVA polymer film 
on its undersurface is placed on top of a tissue section on 
a glass slide and the laser beam is focused on the cells of 
interest. Following firing of the laser, the cap containing 
the adherent cells is lifted from the tissue surface using a 
mechanical arm and placed into a microfuge tube contain- 
ing lysis buffer. 

laser-captured sample (Fig. 5, Table 1). One protein was 
not identified in either sample. Mass spectrometric pro- 
files were practically identical between control and LCM 
samples, as exemplified in Fig. 6 for actin and ATP syn- 
thase. For these two proteins selected for more detailed 
examination, the peptides present and sequenced were 

Table 1. Proteins identified by peptide mass fingerprinting (PMF) and/or mass spectromet- 
ric microsequencing in extracts of normal kidney either following direct extraction 
or LCM as described 

Number PMF Sequencing Protein 

1 + + Albumin 
2 + + (4) Albumin 
3 + -+ (12) Beta-actin 
4 + - Beta-actin 
5 + - ATP synthase beta-chain 
6 + - Alpha-tubulin 
7 + + (5) HSP-60 
8 + + (2) Apolipoprotein A1 
9 - + (6) Lactate dehydrogenase H-chain 

10 - - Not identified 

Numbers in parenthesis are the number of peptides fully sequenced from the respective 
proteins (all from the LCM samples) 
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Post-LCM Cap 

A 

B 

Figure 2. Examples of laser-capture microdissection of (A) a renal glomerulus from kidney and (B) germinal centres from 
lymphoid tissue. Shown are the appearance of the tissue section prior to and following capture and the captured cells 
present on the cap. The bar represents 100 pm. 

A B 

Figure 3. Representative example of a 2-D PAGE comparison between (A) control and (B) laser-treated tissue samples. 
Specimen shown is normal renal cortical tissue prepared as described with 70 pg protein per gel. 



114 R. E. Banks eta/. 

a 

J ,  - e  

4 
-I) 

a 

P - *  Figure 4. 2-D Western blot of a comparison 
between (A) control and (B) laser-treated tis- 
sue from a normal renal specimen. Arrows 
indicate a, HSP-60 and b, pp-microglobulin. 

66- 

22- 

identical, in both the control and laser-treated/processed 
samples (with the exception of peptide 295-310 of ATP 
synthase which was not detected in the control sample). 
The extent of partial oxidation of methionine residues was 
also unchanged between LCM and control samples (Fig. 
6 and Table 2). Fifty sections of cervix were successfully 
dissected and the epithelium was removed from the un- 
derlying stroma and pooled (Fig. 7). A comparison of the 
protein profiles of whole sections versus epithelium clear- 
ly shows the comparable presence of many proteins, 
some of which were tentatively identified on the basis of 

Figure 5. 2-D PAGE gel of 
normal renal tissue (40 pg pro- 
tein) with arrows indicating the 
location of proteins identified 
by peptide mass fingerprinting/ 
mass spectrometric sequencing 
following laser capture. 

molecular weight and p/ as housekeeping proteins such 
as actin and glyceraldehyde 3-phosphate dehydrogen- 
ase. However, enrichment of some proteins in the gels 
from epithelial tissue, which were either weakly detecta- 
ble or undetectable when whole tissue sections were ex- 
amined, can clearly be seen. 

4 Discussion 

To our knowledge this is the first study to have examined 
the effects of LCM on the protein profiles and properties 
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Table 2. Expected tryptic peptides in the MALDI spectrum of the proteins a) actin and b) ATP synthase and their presence 
or absence in control and laser-treated material from a normal renal tissue specimen 

~~ 

Expected peptides Position Peptide mass Observed peptides 
[M+W P a )  Control Laser treated 

a) LCYVALDFEQEMATAASSSSLEK 
DLYANTVLSGGTTMY PGl ADR 

VAPEEHPVLLTEAPLNPK 
YPIEHGIVTNWDDMEK 
MDDDIAALVVDNGSGMCK 
SYELPDGQVITIGNER 
QEYDESGPSIVHR 
IWHHTFYNELR 
AVFPSIVGRPR 
DSYVGDEAQSK 
HQGVMVGMGQK 

EITALAPSTMK 
GYSFTlTAER 
DLTDYLMK 
AGFAGDDAPR 
IIAPPER 
CDVDIR 
GILTLK 
LDLAGR 
ILTER 

b) IPSAVGYQPTLATDMGTMQER 

SLQDIIAILGMDELSEEDK 
EGNDLYHEMIESGVINLK 

FLSQPFQVAEVFTGHMGK 

AlAELGlY PAVDPLDSTSR 
DQEGQDVLLFIDNIFR 
IMDPNIVGSEHYDVAR 

LVLEVAQHLGESTVR 
VALVY GQMNEPPGAR 

LTPSASLPPAQLLLR 
TVLIMELINNVAK 

VALTGLTVAEY FR 
FTQAGSEVSALLGR 
AHGGYSVFAGVGER 
IMNVIGEPIDER 

TIAMDGTEGLVR 

DYAAQTSPSPK 
VVDLLAPYAK 
IPVGPETLGR 
AAPTAVHPVR 
VAAAPASGALR 
IGLFGGAGVGK 
VLDSGAPIK 

216-238 
292-312 

96-113 
69- 84 

1 -  18 
239 - 254 
360 - 372 
85- 95 
29- 39 
51 - 61 
40- 50 

316 - 326 
197 - 206 
184- 191 
19- 28 

329 - 335 
285 - 290 
63- 68 

178-183 
192 - 196 

325 - 345 

433 - 451 
242 - 259 

463 - 480 

388 - 406 
295-310 
407 - 422 

95 - 109 
265 - 279 

20- 34 
213 - 225 

282 - 294 
311 -324 
226 - 239 
144-155 

110-121 

45- 55 
189- 198 
134- 143 
35- 44 
8 -  18 

202-21 2 
125-1 33 

2493.153 
221 5.070 
2231.065 [O] 
1954.065 
1946.896 
1853.808 
1790.82 
151 6.703 
1515.750 
1198.523 
1198.523 
1 171.572 
1187.573 [O] 
1161.619 
1132.527 
998.487 
976.449 
795.473 
720.335 
644.435 
644.373 
631.378 

2266.050 
2282.070 [O] 
2298.074 [O] 
21 19.048 
2060.996 
2076.991 [O] 
2023.01 1 
2039.006 [O] 
1988.034 
1921.996 
1815.870 
1831.865 [O] 
1650,918 
1601.81 1 
1617.806(0] 
1576.943 
1457.840 
1473.835 
1439,790 
1435.754 
1406.682 
1385.71 0 
1401.705 [O] 
1262.641 
1278.636 [O] 
1 164.554 
1088.636 
1038.595 
1018.580 
983.564 
975.563 
899.520 

+ 
+ 
+ 
+ 
- 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 

+ 
+ 
+ 
- 

+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 

+ 
+ 
- 
- 
+ 

+ 
+ 
+ 
+ 
- 
- 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 

+ 
+ 
+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
- 
- 
+ 

[O] denotes a peptide containing an oxidised methionine residue. 
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Figure 6. Mass spectrometric profiles of spots 3 and 5 (actin and ATP synthase, respectively). Profiles are 
shown for normal renal tissue under control conditions (a, c) and following laser capture (b, d). 
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Figure 7. 2-D PAGE gels of normal cervix tissue (40 pg protein) with a representative micrograph of the tissue sample 
above each gel; (A) represents the pattern obtained with whole tissue compared with (B) where the epithelial tissue has 
been selectively laser-captured. 

which we have examined. The results described here are 
extremely promising and indicate that laser capture mi- 
crodissection may offer a viable approach to the enrich- 
ment of particular cell types prior to subsequent proteomic 
analysis. However, it is clearly essential that further de- 
tailed validation is carried out to fully establish its suitabili- 
ty. This would include comparison of protein profiles of 
further control samples with those subjected to staining 
and laser treatment and detailed analysis of the results 
using the sophisticated software packages now available 
for 2-D electrophoresis work, examination of the antige- 
nicity of a wider range of proteins, and rational refinement 
of processing and dissection times based on effects on 
proteins. This is necessary to ensure that proteins are not 
being degraded or modified in other ways and that recov- 
ery from the adhesive film is not selective in any way. The 

need for protease inhibitors should be explored further 
and ideally over a range of tissues including malignant tis- 
sues, where endogenous proteolytic activity may be ex- 
pected to be more prevalent, as activity has been ob- 
served even in denaturing buffers [20]. Strategies should 
be explored to allow the pooling and concentration of dis- 
sected samples to minimise the time between dissection 
and freezing of the samples. To confirm the selective en- 
richment of cell-specific proteins, as potentially indicated 
here in the example of the dissected cervical epithelium, 
the identity of the enriched proteins needs to be estab- 
lished. In addition, the degree of contamination of micro- 
dissected tumour specimens with interstitial cells can be 
assessed by examining proteins specific to these cells. 
Studies such as those described above are currently un- 
derway. 
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here may further facilitate such studies in the future. How- 
ever, it should also be borne in mind that, in addition to 
the malignant cell type, a variety of other cells including 
stromal cells and endothelial cells are involved in tumour 
development and progression and hence a variety of ap- 
proaches are likely to be needed depending on the ques- 
tion being addressed. 

In further support of a lack of detrimental effect of this tis- 
sue preparation and laser treatment on protein integrity, 
others have briefly indicated that, based on immunohisto- 
chemical and soluble immunoassay results, the structure 
of cellular proteins appears to be preserved following 
LCM [12]. Clearly, fresh frozen tissue would be the mate- 
rial of choice. Formalin-fixed paraff in-embedded material 
is unlikely to be of use due to the chemical cross-linking 
effects on proteins [21]. The effects of the tissue treat- 
ment described here appear to be small but clearly need 
further investigation. In particular, the binding of the stains 
haematoxylin and eosin may exert effects on the charge 
of some proteins although dissociation of such complexes 
may occur during the denaturation step. It is unlikely that 
the laser treatment itself would damage the proteins di- 
rectly as the near-infrared wavelengths are sufficiently far 
removed from the absorption maxima of proteins, unlike 
UV lasers previously used for ablation of samples and 
negative selection [S-a]. However, heat-induced damage 
remains a possibility although the strength of the laser 
beam and structure of the transfer film is such that ther- 
mal changes should be mild and transient [ l l ] .  

A major consideration in deciding on the potential use of 
such a technique has to be the time taken to produce a 
sufficient amount of protein for subsequent electropho- 
retic analysis. In the example provided here of cervical 
epithelium, dissection took approximately 13 h. Clearly, 
dissection of smaller structures present whithin more 
complex tissue such as renal proximal tubules, which is 
now possible with the development of the Pixcell 2 LCM 
system incorporating a wider range of laser diameters 
ranging from 5 pm to 30 pm, may be expected to take sig- 
nificantly longer. With such time constraints, it is unlikely 
that LCM would be a routine tool for protein analysis but 
rather used on a limited number of samples to provide 
"master maps" to which nonpurified samples, or samples 
prepared by, for example, enzymatic disaggregation and 
immunological selection, could be compared. Once the 
analytical gels prepared from the microdissected material 
have been used to illustrate the proteins of potential inter- 
est, clearly preparative-type gels of nondissected tissue 
can be used to prepare the proteins identified for subse- 
quent sequencing. 

Proteomics-based approaches have now been used in in- 
itial studies of several tumour types including renal, 
breast, bladder (squamous cell) and lung cancers [22-261 
using either whole tissue homogenates or fractions en- 
riched for the cells of interest. From these studies, the po- 
tential of such approaches in identifying proteins which 
may either be involved in the pathogenesis of the disease 
and/or function as markers is already apparent and it is 
likely that the use of systems such as the one described 
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Extraction of Escherichia coli proteins with organic 
solvents prior to two-dimensional electrophoresis 
Compared to soluble proteins, hydrophobic proteins, in particular membrane proteins, 
are an underrepresented protein species on two-dimensional (2-D) gels. One possibili- 
ty is that many hydrophobic proteins are simply not extracted from the sample prior to 
2-D gel separation. We attempted to isolate hydrophobic proteins from Escherichia coli 
by extracting with organic solvents, then reconstituting the extracted proteins in highly 
solubilising sample solution amenable to 2-D electrophoresis using immobilizcd pH 
gradients (IPGs). This was conducted by an extraction with a mixture of chloroform 
and methanol, followed by solubilisation using a combination of urea, thiourea, sulfobe- 
taine detergents and tributyl phosphine. Peptide mass fingerprinting assisted in the 
identification of 13 proteins, 8 of which have not previously been reported on 2-D gels. 
Five of these new proteins possess a positive hydropathy plot. These results suggest 
that organic solvent extractions may be useful for selectively isolating some proteins 
that have previously been missing from proteome maps. 

Keywords: Two-dimensional electrophoresis I Proteome / Solubility / Organic solvent I Extraction 
EL 3395 

In recent times the resurgence of two-dimensional elec- 
trophoresis (2-DE) as a powerful array technology has 
been driven largely by proteomics [ l ] .  The aim of proteo- 
mics is firstly to display in a parallel means, an organism's 
protein content using an array technology such as 2-DE, 
then secondly to identify and characterise those proteins 
of interest. Thus, the need for high resolution and repro- 
ducibility in proteomics has stimulated advances in gel 
technology including widespread use of immobilised pH 
gradients (IPGs) for isoelectric focusing [2], improve- 
ments in methods for enhancing protein solubility (3-51 
and sample loading techniques [6], and very recently, re- 
ports of alkaline pH IPGs offering reproducible separation 
of basic proteins up to pH 12 [7]. While such develop- 
ments have improved the separation of many proteins, it 
has become apparent that hydrophobic proteins are 
under-represented on 2-0 gels from even the most ex- 
tensively studied species, Escherichia coli and Saccharo- 
myces cerevisiae [8]. Explanations include protein precip- 
itation in the IPG matrix [9] and inadequate detection and 
analysis methods for proteins in low abundance [lo]. 
While these are valid observations they are unlikely to 
account for the almost complete absence of hydrophobic 

proteins on 2-D maps. A further possibility to explain the 
situation is that standard sample preparation techniques 
prior to array by 2-DE are not optimal for extraction of 
hydrophobic proteins. A consideration often overlooked is 
the functional interactions proteins have in the cell. Pro- 
tein-protein interaction and interactions with other bio- 
structures such as the phospholipid bilayer, extracellular 
matrix, cell wall and cyloskeletal network all are likely to 
contribute in some degree to impaired protein extraction. 
Considering this and the chemical nature of hydrophobic 
proteins, it is likely that many hydrophobic proteins are 
simply not soluble in standard denaturing solutions used 
for 2-DE and thus not extracted from the sample. Recent- 
ly we have shown that this is the case for €. coliporin out- 
er membrane proteins (OMPs) which are absent from 
most 2-D gel maps, even though they are abundant mole- 
cules and possess hydrophilic hydropathy plots [5]. There 
are reports that indicate some highly hydrophobic pro- 
teins are soluble in solutions of organic solvents (1 1. 121. 
We report our search for hydrophobic proteins in E. coli 
by extracting whole lyophilised E. coliin a 1:l v/v solution 
of chloroform and methanol prior to solubilisation for 
2-DE. 
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E. coli K-12, strain W3110, was cultured and prepared as 
previously described (13, 141. For extraction with organic 
solvents, 40 mg of lyophilised E. coli was incubated in 
1.5 mL of a 1:l vlv solution of chloroform and methanol, 
mixed thoroughly, then placed in an ultrasonic waterbath 
for 5 min before incubating on ice for a further 30 min. For 
phase separation, 600 pL of MilliQ water was added to 
the sample, mixed and left to stand at 25OC for 5 min. The 
tube was then centrifuged for 10 min in a standard bench- 
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top centrifuge. The upper aqueous layer was discarded 
and the organic layer removed and dried by rotary evapo- 
ration. For 2-DE, the dry organic solvent extracted sample 
was reconstituted with 120 pL of either solubilisation soh- 
tion A (5 M urea, 2 M thiourea, 2 YO wlv CHAPS, 2 YO wlv 
SB 3-10, 2 mM TBP, 40 mM Tris-base, 0.5 % vlv Biolytes 
3-1 0 (Bio-Rad, Richmond, CA) or solubilisation solution 
B (7 M urea, 2 M thiourea, 1 % w/v ASB14 (a gift from T. 
Rabilloud), 2 mM TBP, 40 mM Tris-base, 0.5 Yo vlv Bio- 
lytes 3-10 (Bio-Rad). IEF was conducted using 7 cm pH 
3-10 NL (nonlinear) IPGs (Amersham Pharmacia, Up- 
psala, Sweden) loaded with 120 WL of solubilisation soh- 
tion by rehydration as previously described [6]. IEF was 
conducted at a maximum of 5000 V for a total of 15 000 
Vh. For SDS-PAGE, Bio-Rad 10-20% Ready gels were 
used. These were run at 5 mA per gel for 30 min, then 
12 mA per gel for 2-3 h. All other conditions remained as 
previously described [5]. Gels were stained overnight with 
0.1 Yo wlv Coomassie Blue G-250 in 17 % wlv ammonium 
sulfate, 34 % v/v methanol and 3 Yo vlv @phosphoric acid. 
Excised protein spots were subjected to MALDI-TOF-MS 
for identification as described previously [15]. 

Organic solvents are widely used in biochemistry for pro- 
tein precipitation. With this in mind we anticipated only a 
limited number of proteins to be extracted under these 
nonaqueous conditions. Consequently we used a large 
amount of starting sample to ensure that sufficient protein 
was extracted to enable protein identification by MS fol- 
lowing electrophoretic separation. The proteins extracted 
with organic solvents were solubilised for 2-DE using sol- 
utions similar to those that had previously shown good re- 
sults with insoluble samples. Following the introduction of 
thiourea and sulfobetaines to standard CHAPS-based 
solutions, improvements were reported for solubilising 
various membrane proteins [3]. Furthermore, by the use 
of a novel amidosulfobetaine surfactant (ASB14) in the 
solubilising solution, the overall chaotrope concentration 
can be increased to 9 M, which has demonstrated a dra- 
matic improvement in the separation of membrane pro- 
teins from bovine neutrophils [16]. In this work, these sol- 
utions were amended to include tributyl phosphine as the 
reducing agent. The separations achieved using solubilis- 
ing solutions A and B with mini gels are shown in Fig. 1 a 
and 1 b. Good separation was achieved in both dimen- 
sions, suggesting the maintenance of high protein solubili- 
ty. Few differences in the spot patterns between the gels 
were observed, although larger protein spots, indicative 
of more protein, were detected when ASB14 was included 
in the solubilisation solution (Fig. lb). In this case, 
compared to solubilisation solution A, the combination of 
a strong detergent compatible with high chaotrope molari- 
ty increased protein solubility, probably by decreasing the 
loss of protein often observed with IEF of preparatively 

OH3 pH 10 

kDa 

96 

67 

43 
a 

30 

20 

14 

b 

Flgure 1. Coomassie Blue G-250 stained mini 2-DE of 
E. coliproteins extracted with organic solvent, then recon- 
stituted with (a) 5 M urea, 2 M thiourea, 2 o/o CHAPS, 2 % 
SB 3-10, 2 mM TBP or (b) 7 M urea, 2 M thiourea, 1 % 
ASB14, 2 mM TBP. Circled spots refer to proteins identi- 
fied and shown in Table 1. 

loaded IPGs. The greater protein solubility with ASB14 
(solution B) came at the cost of resolution as there was a 
concomitant increase in the solubilisation of lipid, visual- 
ised with Coomassie as the dark smear in the acidic re- 
gion of the gel (Fig. 1 b). The presence of lipid was not un- 
expected considering our original extraction protocol 
using organic solvents. 

Excised protein spots were subjected to MALDI-TOF-MS; 
a list of proteins identified by peptide mass fingerprinting 
(PMF) is shown in Table 1. Grand average hydropathy 
(GRAVY) values of proteins are presented to indicate 
overall protein hydropathy. Proteins with positive GRAVY 
values are recognised as hydrophobic and are generally 
lacking from lists of proteins identified on 2-D gels. Ac- 
cording to Wilkins ef a/., [8] the highest positive GRAVY 
value identified on a 2-D gel from E. co/i and indexed in 
SWISS-PROT has a value of +0.30 (PFS-ECOLI). Theo- 
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Table 1. Organic solvent extracted E. coli proteins identified by peptide mass fingerprinting 

Spot SWISS- Description Subcellular GRAVY Residues of identified Peptides Theoretical Experimental Notes 
PROT location peptides matched pland p l  and 
Accession vs molecular mass molecular mas 
No expecteda1 (kDa) ( k W  

A PO3841 

8 Po0479 

C P23875 

D PO2925 

E P45502 

F P11555 

G P39330 

H P52100 

I P25540 

J P19245 

K PO9157 

L Po6994 

M P28635 

Maltose operon 
periplasmic protein 
Asparlate Carbamoyl 
transferase 

Lipopolysaccharide 
biosynthesis protein 

Ribose-binding 
Periplasmic protein 

Unknown protein from 
2-D gel 
Fucose operon FUCU 
protein 
13.5 kDa protein 

Periplasmic -0,021 157-166,167-179, 

Cytoplasmic -0.1 11 8-17,43-54,5745, 
184-198,252-268 

6 ~ 3 , 1 5 2 - i ~ ,  168- 
178,280-296,297-306 

Probably t0.006 5-24,25-42,43-51, 
cytoplasmic 8048,92-107,108- 

122,123-133, 138-157 
Periplasmic -0.031 55-70,71-81,85-101, 

102-115,151-164, 
167-1 78,179-191, 
232-247,254-268 

Unknown -0,103 45-55,5€-62,102-116, 

Cytoplasmic t0.179 4-15,91-104,117-126 

Unknown t0.072 38-50,118-126 

122-136,137-157 

Hypothetical 20.9 kDa Unknown -0,379 3243,4049,60-72, 

Riboflavin synthase Cytoplasmic t0.294 1-14,22-39,73-84, 

ATP-dependent CLP Cytoplasmic -0.154 3&36,163-180,187- 

Superoxide Cytoplasmic -0,180 1-11,12-29,30-43, 

protein 95-110 

beta chain 137-1 52 

protease 206 

dismutase 51-57,92-107,io8- 

Malate Cytoplasmic t0.194 88-99,143-153,218- 
116,117-127 

dehydrogenase membrane- 233,241462,263- 
associated 272,280-300,302-312 

associated 179-189,224-234, 
Hypothetical lipoprotein Membrane- -0,238 35-51,79-97, 103-1 19, 

246-261 

414 

8/12 

717 (1 1 

911 1 

314 (2) 

Y3 

2/2 

418 

414 

1/2 (2) 

515 (2) 

518 (2) 

617 

5.9 
30 
6.1 
34 

6.5 
18 

6.0 
28 

5.5 
14 
5.6 
15 
5.4 
13 
4.9 
21 
5.2 
16 
5.5 
23 
5.6 
21 

5.6 
32 

4.9 
27 

5.7 
36 
6.0 
38 

6.7 
16 

6.0 
31 

5.4 
12 
5.4 
14 
5.2 
11 
5.2 
14 
5.2 
14 
5.5 
20 
5.3 
20 

5.4 
38 

5.0 
30 

New ID on 
2-D gel 

New ID on 
2-D gel 

New ID on 
2-D gel 

New ID on 
2-D gel 

New ID on 
2-D gel 
New ID on 
2-0 gel 
New ID on 
2-D gel 

New ID on 
2-0 gel 

a) Number of tryptic peptides predicted between 1000-2200 Da considering no missed cleavages. Number in parentheses 
indicates number of additional peptides matched with a mass <lo00 Da or >220D Da. 

retically, the E. coli proteome contains proteins with 
GRAVY values from -1.95 to +1.88. In this study we iden- 
tified 13 proteins, 8 of which have not previously been re- 
ported in SWISS-PROT as being identified on 2-D PAGE. 
Five of these 8 proteins have positive GRAVY values 
(38 O h  of the identified proteins) with the lowest GRAVY 
value of the remaining identified proteins being 4.379. 
Our highest GRAVY value was +0.294, extremely close 
to the most hydrophobic E. coli protein thus far detected 
on 2-0 gels. The proteins identified here can be consid- 
ered quite hydrophobic as they rank favourably in terms 
of hydrophobicity when compared to some classical inte- 
gral membrane proteins. For example, murine erythrocyte 
Band 3 is a Type 111 membrane protein with 12 transmem- 

brane domains and a GRAVY value of +0.250, compara- 
ble to values obtained here (Table l ) ,  yet remains refrac- 
tow to 2-DE separation when extracted with standard 
uredCHAPS-based solubilising conditions (T. Rabilloud, 
personal communication). For other single pass trans- 
membrane murine red blood cell proteins, typical 
GRAVYs are much lower. For example, Glycophorin and 
Band 7 have GRAVYs of -0.023 and +0.057, respective- 
ly, and could be considered less hydrophobic than some 
proteins identified here. The E. coli porin OMPs that solu- 
bilise only under strongly denaturing conditions (Solution 
A) have far lower GRAVYs (ranging between -0.77 to - 
0.1 6) than the proteins recovered with the extraction 
method reported here [5]. Clearly, the use of an organic 
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solvent extraction has selectively enriched hydrophobic 
proteins. Importantly, we show that these proteins can be 
resolubilised with denaturing conditions to permit separa- 
tion by 2-DE. 

M. P. Molloy ef a/. 

While the organic solvent extraction technique has provid- 
ed us with new protetins of hydrophobic nature, we did 
not encounter the highly hydrophobic proteins needed to 
effectively represent the entire predicted E. coli proteome. 
Interestingly, our list of identified proteins consists of hy- 
drophobic cytoplasmic and periplasmic proteins and a hy- 
pothetical lipoprotein, but lacks the highly positive 
GRAVY proteins predicted of multiple pass transmem- 
brane proteins. This could imply that the organic solvent 
treatment failed to dissolve the phospholipid bilayer and 
thus failed to release transmembrane proteins. Ames et 
a/. [17] also reported the enrichment of periplasmic pro- 
teins from €. coli by chloroform treatment due to the 
chloroform susceptibility of an outer membrane “plug”. At 
first glance, our results appear to support this finding. 
However, several other factors could account for the ab- 
sence of integral membrane proteins on our gels: (i) Many 
of the high GRAVY proteins are predicted to be small 
(<8000 Da) and alkaline (pH >9) and thus do not favour 
separation and analysis in standard 2-DE and PMF sys- 
tems; (ii) these proteins extracted with organic solvents 
are lost at some point in the procedure due to insolubility, 
or (iii) these proteins are not extracted from the sample in 
quantities detectable using current staining protocols that 
are compatible with PMF. An alternative approach for the 
separation of the predicted highly hydrophobic proteins 
may be to perform a prefractionation step to first isolate 
the membranes using a technique such as density centri- 
fugation prior to solubilisation and 2-DE [18]. Such an ap- 
proach has claimed to separate (presumably some hydro- 
phobic) inner membrane proteins and offers some 
encouragement, although in this report the identity of the 
proteins was not determined. In conclusion, further meth- 
od development is required for routine 2-DE separation of 
highly hydrophobic €. coliproteins. 
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Towards the recovery of hydrophobic proteins on 
two-dimensional electrophoresis gels 

An extensive proteomic approach relies on the possibility to visualize and analyze vari- 
ous types of proteins, including hydrophobic proteins which are rarely detectable on 
two-dimensional electrophoresis (2-DE) gels. In this study, two methods were em- 
ployed for the purification of hydrophobic proteins from Arabidopsis thaliana leaf plas- 
ma membrane (PM) model plants, prior to analysis on 2-DE immobilized pH gradient 
(IPG) gels. Solubilization efficiency of two detergents, (3-[(3-~holomidopropyl)-l -pro- 
panesulfonic acid (CHAPS) and C80, were tested for the recovery of hydrophobic pro- 
teins. An immunological approach was used to determine the efficiency of the above 
methods. Fractionation of proteins by Triton X-114 combined with solubilization with 
CHAPS resulted in the inability to detect hydrophobic proteins on 2-DE gels. The use 
of C80 for protein solubilization did not improve this result. On the contrary, after treat- 
ment of membranes with alkaline buffer, the solubilization of PM proteins with deter- 
gent C80 permitted the recovery of such proteins on 2-DE gels. The combination of 
membrane washing and the use of zwitterionic detergent resulted in the resolution of 
several integral proteins and the disappearance of peripheral proteins. In the resolution 
of expressed genome proteins, both large pH gradients in the first dimension and vari- 
ous acrylamide concentrations in the second dimension must be used. Notwithstand- 
ing, it is important to combine various sample treatments and different detergents in or- 
der to resolve soluble and hydrophobic proteins. 

Keywords: Arabidopsis thaliana / Hydrophobic protein / Plasma membrane / Proteome / Two- 
dimensional electrophoresis EL 3392 

1 Introduction 

Proteome research provides a powerful tool to comple- 
ment other approaches currently used in molecular biolo- 
gy through analysis of the actively translated portion of 
the genome. The use of IPG (immobilized pH gradient) 
has greatly improved the feasibility of such approaches 
and interlaboratory reproducibility [ l ] .  Currently most of 
the proteomes published have been achieved across pH 
range 4-8 and using only one given concentration of 
acrylamide in the second dimension. However, analysis 
of the expressed genome needs to be as complete as 
possible and should not be limited to proteins with a par- 
ticular p l  and molecular weight [2]. Recently, large immo- 
bilized pH gradients and different acrylamide concentra- 
tions were used [3, 41 in order to recover the maximum 
amount of proteins possible. An extensive proteomic ap- 
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Abbreviation: PM, plasma membrane 

proach also relies on the possibility to visualize specific 
types of proteins ( ie. ,  hydrophobic proteins, glycosylated 
or membrane-anchored proteins). However, such hydro- 
phobic proteins are rarely detectable on 2-DE gels [5, 61. 
In fact, a recent study on the characterization of the plas- 
ma membrane (PM) from the plant model Arabidopsis 
thaliana demonstrated that approximately 80% of PM- 
specific proteins detected in 2-DE gels corresponded 
nearly exclusively to extrinsic proteins (71. A combination 
of recently synthetized new detergents [8] and thiourea 
was proposed to improve the recovery of hydrophobic 
proteins on 2-DE gels. In the case of the plant PM, two of 
the most abundant hydrophobic proteins (water channels 
and H'-ATPase) were effectively detected after solubili- 
zation with C80 [8]. 

In this study, we further focused on hydrophobic proteins 
from Arabidopsis thaliana PM and compared the efficien- 
cy of various treatments designed to enrich the sample in 
hydrophobic proteins. Using an immunological approach 
together with protein identification to assess the presence 
of hydrophobic proteins, a specific procedure was de- 
rived. This procedure is compatible with the use of C80 
and enables the selectively improved recovery of hydro- 
phobic proteins. 

From Genome to Proteome: Advances in the Practice and Application of Proteomics 
Edited by Michael J Dunn 

copyrigh 0 WILEY-VCH Verlag GmbH, 2000 
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2 Material and methods 

2.1 Plasma membrane purification and 

PM purification and protein solubilization were performed 
according to [el. The lysis buffer called “UChaps” con- 
tained 9 M urea, 0.5% Triton X-100, 20 mM DTT, 1.2% 
Pharmalytes (3-10) and 4% CHAPS. The lysis buffer 
called “UTC8 contained 7 M urea, 2 M thiourea, 0.5% Tri- 
ton X-1 00, 1.2% Pharmalytes (3-1 0) and 2% of the new 
detergent C80 [8]. 

solubiiization 

2.2 Triton X-114 fractionation 

PM was suspended at 4 mg/mL in a solution containing 
2% precondensed Triton X-114 in TBS (150 mM NaCI, 
10 mM Tris-HCI, pH 7.6) and was incubated for 15 min in 
ice [9]. The treated PM was centrifuged at 10 000 x g for 
10 min and the supernatant was collected and incubated 
at 37’C. The cloudy solution obtained was centrifuged at 
1000 x gfor 10 min. The lower phase was collected, pre- 
cipitated with cold acetone and the final pellet was dis- 
solved in UTCE or UChaps lysis buffer. 

2.3 Carbonate washing of membrane 

PM fractions were resuspended in 10 mM Tris-HCI, pH 7, 
0.3 M sucrose. The sample was diluted 200 times with 
0.1 M Na2C03 and kept in ice for 30 min. After centrifuga- 
tion (15 000 x gfor 60 min), the pellet was suspended in 
a storage buffer containing 10 mM Mes-Tris, pH 6.5, 20% 
v/v glycerol, 250 mM sorbitol, 1 mM PMSF and 1 mM DTT. 

2.4 Two-dimensional gel electrophoresis and 

2-0 gel electrophoresis was carried out according to [8] 
with slight modifications. Briefly, IEF was done with com- 
mercially available preformed immobilized pH gradients 
(nonlinear pH gradient 3-10, 18 cm length). The gels 
were rehydrated overnight in UChaps or UTC8 buffer. 
The sample was applied at the cathodic side of the gel 
and was submitted to focusing until 90000 Vh were 
reached. After the IEF run, the IPG gel strips were incu- 
bated at room temperature in solutions containing DTT 
and then in iodoacetamide according to [8]. The gels were 
then submitted to a second dimension run and silver- 
stained according to [8] or transferred for Western blot ex- 
periments. The gels were scanned (ImageMaster Desk 
Top scanner) and analyzed using Biolmage software [lo]. 

data analysis 

2.5 Western blotting 

After transferring the proteins on lmmobilon (Millipore, 
Bedford, MA, USA) using a semidry electrophoretic appa- 

ratus (Pharmacia, Uppsala, Sweden), the membrane was 
blocked for 60 min in phosphate-buffered saline ( 4 mM 
KH2P04, 16 mM Na2HP04, 115 mM NaCI, pH 7.4) contain- 
ing 0.1% v/v Tween-20 and 1% bovine serum albumin 
(BSA), called PBSTB. The blot was then incubated for 
60 min in the presence of primary antibody. After washing 
(2 x 10 min) in PBSTB, the blot was incubated for 45 min 
with a peroxidase-labeled secondary antibody at 1 :30 000 
dilution in PBSTB. Secondary anti-rabbit antibody was 
used to detect H+-ATPase and cellulase; secondary anti- 
chicken antibody was used to detect water channels; sec- 
ondary anti-mouse antibody was used to detect actin and 
a-tubulin. After washing (2 x 10 min) in PBS, the blot was 
incubated for 1 min in a chemiluminescent substrate (Su- 
per Signal; Pierce, Rockford, IL, USA). The blot was then 
exposed to an autoradiographic film for 15 s to 5 min. 

2.6 Protein identification 

Chemical sequencing was performed according to [ l  11. 
Identification by MALDI-TOF mass spectrometry was per- 
formed according to [12] with a slight modification con- 
cerning the matrix: 0.4 pL of a mixture containing 30 mg/ 
mL a-cyano-Chydroxy-trans cinnamic acid (HCCA) and 
5 mg/mL of nitrocellulose in isopropanol/acetone (1 :1) 
was used. 

3 Results 

3.1 Comparative anaiysls of 2-DE gels from 
total PM proteins and Triton X-114 
fractionated PM proteins 

Around 700 spots were usually detected in 2-0 gels from 
PM Arabidopsis leaves using a pH gradient of 4-8 and 
12% acrylamide in the second dimension (Fig. la). Only 
400 spots were detected in 2-DE gels loaded with Triton 
X-114 fractionated proteins (called ‘71 14 gels”; Fig. 1 b). 
When comparing T114 gels with PM gels we found nine 
spots specific for T114 gels, five spots which had a signifi- 
cant increase in protein levels, and eight spots which had 
a significant decrease in protein levels (Fig. lb). In a pre- 
vious study [7], spots of 2-DE gels from Arabidopsis PM 
were classified into four categories according to their 
abundance of PM and of cytosolic fraction, i.e. (i) specific 
for PM fraction when not detected in the soluble fraction, 
(ii) enriched in the PM fraction when compared to the 
soluble fraction, (iii) of similar abundance in the two frac- 
tions, and (iv) enriched in the soluble fraction when 
compared to the PM fraction. We used this classification 
to study the spots whose abundance was modified in 
these gels. The five spots whose amount was increased 
in the T114 gel corresponded to spots previously classi- 
fied as being either specific for PM or enriched in PM 
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when compared to the cyiosolic fraction. The eight spots 
whose amount decreased in the T114 gels corresponded 
to spots that displayed a similar abundance in PM and 
soluble fraction or were enriched in the soluble fraction. 
Therefore, the Triton X-114 fractionation of PM proteins 
allowed an enrichment in some of the proteins specifically 
associated with the PM and an impoverishment in some 
of the proteins characterized as being soluble contami- 
nants of PM. 

Nevertheless, only nine spots (less than 3% of the spots 
from T114 gel) characterized the Triton X-114 fraction in 
comparison to the total PM fraction. Furthermore, water 
channels, being the most abundant intrinsic PM proteins, 
could not be detected on these 2-DE gels (data not 
shown). On the other hand, approximately a 50% de- 
crease in spots was observed in T114 gels versus PM 
gels. Both gels were equally loaded with PM proteins. In 
addition, the total integrated optical density of T114 gel 
did not compensate this low number of spots. These re- 
sults suggested that most of the proteins from the Triton 
X-114 fraction were not recovered on the 2-DE gels. The 
failure to recover the major plant PM intrinsic protein and 
the general poor recovery of proteins in T114 gels sug- 
gested that hydrophobic proteins, classically enriched in 

Figure 1. 2-DE gels of Triton 
X-114 fractionated proteins. 
(a) 2-DE gel of total PM solubi- 
lized in UChaps lysis buffer. Tri- 
ton X-114 fractionated proteins 
were solubilized either in (b) 
UChaps or (c) UTC8 lysis buf- 
fers. 

this type of fraction, were in fact underrepresented on 
these 2-DE gels. 

3.2 Compared efficiency of the detergents 
CHAPS and C80 to solubilize Triton X-114- 
fractionated PM proteins 

The use of the new detergent C80 improved the recovery 
of some hydrophobic proteins on 2-DE gels such as water 
channels and H+-ATPase of PM from Arabidopsis leaf [8]. 
A comparison of changing lysis buffer resulted in no over- 
all change in the total number of spots detected on 2-DE 
gels. However, 40% of the spots were differentially local- 
ized (data not shown). By contrast, the 2-DE pattern of 
the soluble fraction remained unchanged upon modifica- 
tion of the lysis buffer (data not shown). All these results 
suggested a specific influence of the C80 detergent on 
the recovery of hydrophobic proteins on 2-D gels. Hence 
a test to solubilize Triton X-114 fractionated proteins was 
performed. Figure l c  shows a typical 2-DE gel of Triton 
X-114-fractionated proteins performed with UTC8 buffer. 
The comparative analysis of T114 gels performed with 
UChaps or UTC8 buffers showed that both gels contained 
around the same number of spots, with no significant 
quantitative or qualitative differences. Furthermore, we 
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were unable to detect water channels or H’-ATPase on 
these gels. 

3.3 2-DE gel recovery of hydrophobic PM 
proteins extracted with sodium carbonate 
at pH 11 

An enrichment for hydrophobic proteins was sought in the 
absence of sample pretreatment with any detergent. For 
this purpose, PM was extracted with sodium carbonate at 
pH 11, which was shown to be efficient for stripping pe- 
ripheral proteins from a membrane without affecting the 
disposition of integral components [13]. The enrichment 
in hydrophobic proteins was estimated by performing 
SDS-PAGE Western blots with antibodies directed 
against known hydrophobic PM proteins (water channels, 
H’-ATPase, cellulase) and PM extrinsic proteins (actin, 
a-tubulin). Water channels and H+-ATPase possess sev- 
eral transmembrane helixes; cellulase was recently 
shown to be an integral PM membrane protein with an en- 
doglucanase activity [14]. The same amount of protein 
from total PM and carbonate-treated PM was loaded onto 

the gel. The abundance of water channels, H’-ATPase 
and cellulase was clearly higher in carbonate-treated 
sample, whereas the amount of actin and a-tubulin was 
decreased. Therefore, these results suggested that treat- 
ment of PM with sodium carbonate at pH 11 was efficient 
in both the reduction in the amount of poorly associated 
PM proteins and enrichment of the sample in hydrophobic 
proteins. This fraction was then used to perform 2-DE gel. 

Typical 2-DE gels of total PM, and of PM treated with car- 
bonate and solubilized in UTCB buffer, are shown in 
Fig. 3. Approximately 270 spots were recovered on the 
2-DE gel from treated PM. Fifty-four spots were either 
specific or displayed increased abundance. Simultane- 

Figure 2. SDS-PAGE Western blots of total PM and PM 
treated with sodium carbonate at pH 11. Western blots 
were performed with antibodies against integral plant PM 
(H’-ATPase, cellulase, water channel) and against pe- 
ripheral proteins (actin, a-tubulin). The antibody against 
water channel was used at 1 :10 000 dilution and the other 
antibodies were used at 1:lOOO dilution. “C” and “T” 
mean, respectively, control PM and carbonate-treated 
PM. nels are surrounded [S]. 

Figure 3. 2-DE gel of (a) total PM and (b) carbonate- 
treated PM solubilized in UTC8 buffer. Arrows indicate 
examples of spots whose amount was increased (H+- 
ATPase) or decreased (actin) in the 2-DE gels of carbo- 
nate-treated PM. The monomer and dimer of water chan- 
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Table 1. Identification of proteins from 2-DE gels of carbonate-treated PM 

Behavior after carbonate treatment Protein identification 

annexina) 

2 X water channels‘) 
9 X proteins of unknown functiona)b) 

New proteins and H+-ATPaseC) 
proteins with higher abundance 

2 x a-tubulinb) 
3 x actina)b) 
2 x BiPb) 
3 x carbonic anhydrasea) 
HSP7Oa’ 
ERD14-like proteina) 

2 X PDla) 
Methionine synthasea) 

Rubisco large subunita) 
Rubisco small subunita) 
Calreticulina) 

Actin depolymerizing factor“) 
Major latex proteina) 
Thioredoxinea) 
Profilina) 
V-ATPase subunit Ba) 
Ascorbate peroxidasea) 
Fructose diphosphate aldolasea) 
17 x proteins of unknown functiona)b) 

3 x GST~) 

2 x PGM~) 

Undetected proteins and 
proteins with decreased abundance 

S-AMS~) 

BiP, luminal binding protein; ERD, early responsive to dehydration; GST, glutathione 
S-transferase; PDI, protein disulfide isomerase; PGM, phosphoglycerate mutase; S-AMS, 
S-adenosylmethionine synthetase. Proteins were identified either by 
a) chemical sequencing 
b) MALDI-TOF mass spectrometry 
c) Western blot 

ously, more than 500 spots from the total PM were no lon- 
ger detected or displayed lower abundance. The charac- 
terization of 61 spots was performed by Western blot, 
MALDI-TOF-MS or protein sequencing. Among the 54 
spots specific for a carbonate-treated or enriched sample 
set, 13 spots were analyzed (Table 1); three correspond- 
ed to the proton pump and water channels, one matched 
with an annexin and nine spots were not identified (i.e., 
69% of the analyzed spots). Among spots that disap- 
peared or decreased in the treated fraction, 31 spots cor- 
responded to proteins with known function and 17 were 
not identified (i.e., 35% of the analyzed spots). 

4 Discussion 

Peripheral proteins are mainly detected on 2-DE gels of 
PM preparations [7]. In addition, since many integral pro- 
teins are glycoproteins and poorly stained, a true picture 

of the actual abundance of integral membrane proteins 
can not be obtained using classical procedures. The re- 
solving power of electrophoretic techniques would be 
greatly increased if membrane proteins could first be sep- 
arated into peripheral and integral families. Various stud- 
ies showed that membrane integral proteins can be frac- 
tionated by a temperature-induced phase separation in 
Triton X-114 [15]. This strategy was used to separate in- 
tegral proteins from the PM of Arabidopsis leaf. The lower 
phase of this fractionation (containing hydrophobic pro- 
teins) was submitted to classical 2-DE (using CHAPS as 
the solubilizing agent in the lysis buffer). An analysis com- 
paring this fraction and the PM sample, which was not 
submitted to prior Triton X-114 fractionation, was per- 
formed. Both H+-ATPase and water channels (strongly 
hydrophobic) could not be recovered in the T114 gel. Fur- 
thermore, some previously identified peripheral proteins 
were still present in a high amount on T114 gels (Santoni 
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et al., submitted). Since very few spots characterized 
from this fraction were integral proteins, it seemed that 
the classical 2-DE technology was unable to recover 
hydrophobic proteins from a fraction enriched in such 
proteins. Therefore, we used the recently synthesized 
detergent C80 which is likely to recover hydrophobic pro- 
teins on 2-DE gels [a]. A lysis buffer containing the deter- 
gent C80 and thiourea (instead of CHAPS and urea) was 
used to solubilize Triton X-114 fractionated proteins. Sur- 
prisingly, the patterns looked similar whichever lysis buf- 
fer was used, with no improvement in the recovery of hy- 
drophobic proteins. This suggested that Triton X-114 
might interact too strongly with proteins to be displaced 
by C80. 

In a previous study, plant PM hydrophobic proteins were 
isolated by washing the PM with Triton X-100 in the pres- 
ence of the KBr (chaotropic agent; Santoni et a/., submit- 
ted). This method is commonly used to enrich the PM 
fraction in H'-ATPase [16]. The 2-DE patterns of sam- 
ples. solubilized with C8 and pretreated with either Triton 
X-lOO/KBr or alkaline buffer, were compared (Santoni et 
al., submitted). Consequently, the treatment with Triton 
X-lOO/KBr removed a greater number of peripheral pro- 
teins than did the alkaline treatment (Santoni et al., sub- 
mitted). The amount of H'-ATPase detected by immuno- 
blot experiment was lower on 2-DE gels of PM treated 
with Triton X-100 and KBr than on 2-DE gels of carbo- 
nate-treated PM. Besides, there was no apparent change 
in the amount of water channels. This result suggested 
that the pretreatment of sample with Triton X-100 pre- 
vented the recovery of some but not all hydrophobic pro- 
teins. The results obtained here with Triton X-114 show 
that the sample pretreatment with detergents can affect 
the recovery of hydrophobic proteins on 2-DE gels in a 
selective manner. Therefore, the alkaline treatment of 
membranes described here, despite its inability to remove 
all peripheral proteins (Fig. 2), appears to be a good com- 
promise to allow their partial release while preserving in- 
tegral proteins. In the comparison of 2-DE patterns of total 
PM extract with carbonate-treated PM solubilized in the 
presence of C80 we found an increase in the amount of 
H+-ATPase and water channels in the carbonate-treated 
sample. These two types of proteins possess several 
transmembrane domains. The detection of H+-ATPase 
and water channels occurs when the lysis buffer con- 
tained C80 but not CHAPS (Santoni eta/., submitted). Al- 
so detected was an annexin; in the animal field, proteins 
of this family have been shown to form ion channels via 
an oligomeric structure [17]. Protein sequence analysis of 
spots present on 2-DE gels of carbonate-treated PM, 
solubilized in UTC8, showed that one third of identified 
proteins enriched in this fraction correspond to hydropho- 
bic proteins. The remaining two thirds of the proteins in 

this fraction were unknown. This treatment reduced the 
number of spots by 65%, which corresponded to peripher- 
al proteins of the PM. This is exemplified by components 
of microfilaments and microtubules for which there is evi- 
dence of links with PM that can be broken with very alka- 
line buffers [la]. On the other hand, only one third of the 
proteins from this class were unknown. This twofold in- 
crease of unknown proteins (enrichment of hydrophobic 
proteins) is in agreement with our poor knowledge of plant 
PM composition. These results therefore suggest that the 
carbonate treament of PM at high pH, with the solubiliza- 
tion with C80, favors the isolation of integral proteins and 
the release of peripheral proteins. However, the low num- 
ber of spots detected on 2-DE gel under these conditions 
suggest that a number of hydrophobic proteins are not vi- 
sualized with this approach. Determination of p l  for ion 
and solute transporters in plants have shown a predicted 
p l  in the alkaline range (over 8). As this study used a pH 
range of 4-8, one hypothesis is that most of the isolated 
hydrophobic proteins would not be detected; therefore, 2- 
DE gels with a pH range over 8 would be necessary. Pre- 
liminary results effectively showed that this pH range 
could indeed resolve a high number of spots. An alterna- 
tive explanation could arise from the low abundance of 
hydrophobic proteins as could be expected from proteins 
involved in the transport or the perception and transduc- 
tion of signals. Such limitations could be partly circum- 
vented by increasing the sensitivity of the detection. 

The IPG technology and the use of CHAPS-containing 
lysis buffer is well established in proteome approaches 
and allows easy comparison of gels. This technology can 
be expanded to explore extreme p l  or molecular weight 
proteins. However, additional and more complex proce- 
dures remain in order to investigate special classes 
of proteins such as hydrophobic proteins. Preliminary 
enrichment of such proteins by an alkaline wash and soh- 
bilization with C80 detergent can be suggested as a 
promising procedure, being easily standardizable, for in- 
vestigation of hydrophobic proteins and the construction 
of composite proteomes. 
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Recent developments in two-dimensional gel 
electrophoresis with immobilized pH gradients: 
Wide pH gradients up to pH 12, longer separation . -  

Technical University of distances and simplified procedures 
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Technology, Freising- 
Weihenstephan, Germany 

Wide-range immobilized pH 3-12 and 6-12 gradients were generated. Depending on 
the extraction method of sample preparation, proteins with pls up to pH 11.7 were 
resolved. Highly reproducible protein patterns, focused to the steady-state with 
round-shaped spots up to the basic end were obtained. Moreover, because a strong 
water transport from cathode to anode (reverse electroendosmotic flow) inherent to 
narrow immobilized pH gradients (IPGs) exceeding pH 11, such as IPG 10-12, was 
negligible, the wide-range IPGs 3-12 and 6-12 could be run under standard condi- 
tions as originally described by Gtirg et al. (Electrophoresis 1988, 9, 531-546). The 
wide-range immobilized pH gradient 3-12 proved to be perfectly suited for an over- 
view separation of total cell extracts. Resolution could be increased by extending the 
separation distance from 18 to 24 cm. Furthermore, two-dimensional gel electro- 
phoresis with IPGs (IPG-Dalt) was simplified by the use of an integrated system 
(IPGphor) where sample application by in-gel rehydration and isoelectric focusing 
(IEF) are performed automatically in a one-step procedure, overnight, without human 
assistance. 

Keywords: Alkaline proteins / Automation / IPGphor / Ribosomal proteins / Two-dimensional 
polyacrylamide gel electrophoresis / Wide-range immobilized pH gradients EL 3348 

1 Introduction 

For the optimization of 2-D electrophoretic separations 
thereare two different approaches to attain maximum 
resolution: (i) using narrow pH gradients with overlapping 
intervals, or (ii) generating wide-range pH gradients with 
extended separation distances. Furthermore, there is a 
demand for new equipment in order to simplify the multi- 
step procedure of 2-D electrophoresis. Blow-up experi- 
ments, using narrow immobilized pH gradients (IPG), e.g  
IPG 5.545 over a separation distance of 11 or 18 cm 
[l]. clearly demonstrated the high resolving power of nar- 
row IPGs for 2-D electrophoresis. By using an IPG 4.35- 
4.55 over an 18 cm separation distance, a A p l  of 0.001 
could be obtained [2]. Alternatively, wide-range pH gradi- 
ents for overview 2-D patterns of total cell extracts can be 
generated. More recently, a wide-range immobilized pH 
gradient up to pH 12, an IPG 4-12, was described for an 
overview 2-D separation of mouse liver proteins [3]. This 
gradient has two significant features: because the pH gra- 

Correspondence: Prof. Dr. Angelika Garg, Technische Universi- 
tat Munchen, Lehrstuhl fur Allgemeine Lebensmitteltechnologie, 
D-85350 Freising-Weihenstephan, Germany 
E-mail: angelika.gorg@tum.de 
Fax: +49-8161-714264 

Abbrevlatlon: IPG-Dalt, two-dimensional gel electrophoresis 
with immobilized pH gradients 

dient is flattened at the basic end (between pH 9.5 and 
12), very alkaline proteins such as ribosomal proteins are 
highly resolved and perfectly separated under steady- 
state conditions and, because a strong water transport 
from cathode to anode (reverse electroendosmotic flow) 
inherent to narrow IPGs exceeding pH 11, such as IPG 
9-12 and 10-12 [4] is negligible, the IPG 4-12 can be run 
under standard conditions originally described in 1988 [l]. 
In the present paper, we describe two new immobilized 
pH gradients up to pH 12: IPG 3-12 and IPG 6-12. Addi- 
tionally, extended separation distances up to 24 cm for 
the linear IPG 3-12 were investigated. Furthermore, a 
simplified procedure for first-dimensional IEF using an in- 
tegrated system (IPGphor) was applied for IEF with IPGs 
4-7,4-9,4-12,3-10, and 3-12. 

2 Materials and methods 

2.1 Apparatus and chemicals 

IPGphor, Multiphor II horizontal electrophoresis appara- 
tus, Dalt-multiple vertical electrophoresis apparatus, EPS 
3500 XL power supply, Multitemp II thermostatic circula- 
tor, lmmobiline I1 chemicals, Pharmalyte (pH range 3-10), 
IPG buffers, lmmobiline Drystrips 4-7, 3-10 L, and 3-10 
NL, acrylamide, bisacrylamide, ammonium persulfate, 
TEMED, CHAPS, and urea were from Amersham Phar- 
macia Biotech (Uppsala, Sweden). Acrylamido buffers pK 
1 .O, pK 10.3 and pK > 13 were a gift from Bengt Bjellqvist 
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gel strips by the procedure described previously [ l ,  5-71, 
The recipes of IPG 3-12 and IPG 6-12 listed in Table 1 
were calculated and optimized by using the computer pro- 
gram of Altland [a]. Horizontal and vertical SDS gels were 
cast as described previously [ l  , 6, 71. 

(Amersham Pharmacia Biotech). Silicone oil was from 
Serva (Heidelberg, Germany). All other chemicals (ana- 
lytical grade) for electrophoresis and for silver staining 
were from Merck (Darmstadt, Germany). 

2.2 Sample preparation 

Deep-frozen mouse liver was ground in a liquid nitrogen- 
cooled mortar. Mouse liver proteins were solubilized in 
"lysis" buffer containing 9 M urea, 2% CHAPS, 1% DTT 
and 2.0% v/v Pharmalyte 3-10, TCNacetone extract of 
mouse liver was prepared as described [3]. 

2.3 Gel casting 

IPG gels (180 or 240 mm long) on GelBond PAGfilm were 
cast, washed dried, and cut into individual 3 mm wide IPG 

Table 1. Recipes for casting IPG 3-12 and IPG 6-12 gels 

2.4 2-D electrophoresis 

The first dimension (IPG-IEF) of 2-D electrophoresis was 
either performed on the Multiphor II apparatus, or on the 
IPGphor. 

2.4.1 IPG-IEF on the Multiphor 

IPG dry strips were rehydrated in a reswelling solution 
containing 8 M urea, 1% CHAPS, 20 mM DTT, 0.5% v/v 
Pharmalyte 3-10, Samples (20-100 pL) of mouse liver 

IPG 3-1 2 IPG 6-12 

PH 3 pH 12 PH 6 pH 12 
Chemicals Dense solution') Light solution') Dense solution') Light solution') 

- - - lmmobiline pK1.O 858 pL 
lmmobiline pK3.6 204 pL - 911 pL - 

lmmobiline pK7.0 331 pL 112pL 217 pL 83 pL 

lmmobiline pK9.3 56 pL 105 pL 331 pL 21 pL 

lmmobiline pK> 13 - 172 pL - 230 pL 

Glycerol ( 1  00%) 2.50 g - 2.50 g - 

Persulfate (40%) 10.0 pL 10.0 pL 10.0 pL 10.0 pL 

- - - lmmobiline pK4.6 276 pL 
lmmobiline pK6.2 372 pL 224 pL 125 pL 167pL 

lmmobiline pK8.5 75 pL 466 pL 243 pL 56 pL 

lmmobiline pK10.3 17 pL 228 pL 33 pL 323 pL 

Acrylamide/Bis (29.1/0.9) 1.50 mL 1.50 mL 1.50 mL 1.50 mL 
Deionized water 4.30 mL 7.20 mL 4.65 mL 7.60 mL 

TEMED (100%) 6.0 pL 6.0 pL 6.0 pL 6.0 pL 

Final volume 10.0 mL 10.0 mL 10.0 mL 10.0 mL 

a) For effective polymerization, heavy and light solution are adjusted to pH 7 with 3 N sodium hydroxide and 3 N acetic acid, 
respectively, before polymerization 

Table 2. Multiphor II: running conditions for IEF with re- 

IPG strips 24 cm, IPG 3-12 
18 cm, IPG 6-12 

hydrated IPG strips 

Temperature 2OoC 
Current maximum 
Power maximum 5.0 W 
Sample volume 

0.05 mA per IPG strip 

20-100 pL, sample cups 

IEF 
Voltage maximum 150 V 0.5-1 h Sample entry 

300 V 0.5-2 h Sample entry 
600V 1 h Sampleentry 

3500 V 8 h (28 000 Vh) IEF 

proteins, either TCNacetone extract or "lysis" buffer ex- 
tract, were applied into sample cups near the anode using 
the Pharmacia (Uppsala, Sweden) DryStrip kit. IEF on 
IPGs 3-12 (24 cm) and 6-12 (1 8 cm) was performed un- 
der a layer of silicone oil which had been degassed and 
flushed with argon prior to use. Electrode paper wicks 
were soaked with deionized water and blotted against fil- 
ter paper to remove excess liquid. For improved sample 
entry, voltage was limited to 150 V (30 min), 300 V 
(60 min), and 600 V (60 min) at the beginning. IEF, contin- 
ued with a maximum of 3500 V to the steady state, was 
performed at 2OoC [9]. Current was limited to 0.05 mA per 
IPG gel strip. Running conditions for IPGs 3-12 (24 cm) 
and 6-1 2 (1 8 cm) are given in Table 2. 
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2.4.2 IPG-IEF on the IPGphor 

Prior to IPG strip rehydration, the extract (protein concen- 
tration z 10 mg/mL) was diluted with reswelling solution 
(8 M urea, 1% CHAPS, 20 mM DlT,  and 0.5% v/v IPG 
buffers). Dilution was 1 + 1 for micropreparative runs, and 
1+19 for analytical runs. The required number of strip 
holders (up to 12) for 18 cm long IPG strips was put onto 
the cooling plate's electrode contact area of the IPGphor, 
and 350 pL sample-containing rehydration solution (for 
180 mm long IPG strips) was pipetted carefully at a cen- 
tral point in the strip holder channel away from the sample 
application wells at the electrodes. The IPG strips were 
lowered, gel side down, onto the rehydration solution 
without trapping any air bubbles, and overlayered with 
1 mL of silicone oil before the plastic cover was applied. 
Once the safety lid is closed, rehydration and IEF are car- 
ried out automatically according to the programmed set- 
tings (Table 3), preferably overnight, without further han- 
dling steps. As indicated in Table 3, low voltage (30-60 V) 
was applied already during the rehydration step for im- 
proved sample entry of high M, proteins into the polyacryl- 
amide gel matrix (Reiner Westermeier, personal commu- 
nication). As an alternative to in-gel rehydration, the 
sample (u 5 mg proteidml, dissolved in lysis buffer) was 
applied by pipetting 20 pL into the lateral sample applica- 
tion wells after the IPG strip had been rehydrated. After 
IEF, those IPG gel strips which were not used immediate- 
ly for the second dimension, or kept for further reference, 
were stored between two sheets of plastic film at -78OC 
up to several months. Equilibration of the IPG strips, the 
second dimension (horizontal or vertical SDS electro- 
phoresis) as well as silver staining, were performed as de- 
scribed previously [ l ,  71. For more details see http:// 
www.weihenstephan.de/blm/deg. 

3 Results and discussion 
In Fig. 1, a silver-stained 2-0 pattern of mouse liver pro- 
teins is demonstrated. lsoelectric focusing was performed 

Table 3. IPGphor: voltage settings for reswelling and IEF of dry strips 

in a linear IPG 3-12 over a separation distance of 24 cm. 
The recipe of IPG 3-12 listed in Table 1 was calculated 
and optimized by using the computer program of Altland 
[8]. Although this gradient comprises 9 pH units, the re- 
sulting 2-D pattern shows highly resolved protein spots 
even in the crowded area between pH 4 and 9. This is 
due to the linearity of the gradient which, in contrast to the 
previously described IPG 4-12, is not flattened at the ba- 
sic end. Additionally, the separation distance was en- 
larged from 18 to 24 cm. Similar resolution for alkaline 
proteins is obtained by using an IPG 6-12 over 18 cm 
(Fig. 2). Depending on the sample preparation method, 
(i) protein solubilization with lysis buffer (Fig. 2A), or (ii) af- 
ter TCNacetone precipitation (Fig. 2B), very alkaline pro- 
teins, such as ribosomal proteins, can be detected. How- 
ever, it becomes evident that the calculated gradient 
6-12 in reality does not exceed pH 11.7. Therefore, ribo- 
somal proteins are better resolved by using IPG 4-12 [3], 
9-12, or 10-12 [4]. Apart from this limitation, the IPG 
6-1 2 proved to be an excellent gradient for the majority of 
alkaline proteins, and, most importantly, horizontal streak- 
ing at the basic end, which has been described for IPGs 
up to pH 10 [6], was not observed. 

In Fig. 3, mouse liver proteins were focused in an IPG 4- 
7 over 18 cm separation distance. Sample was applied by 
in-gel rehydration using the IPGphor system for IEF [lo], 
where specifically designed IPG strip holders with inte- 
grated electrodes provide both rehydration and IEF in one 
unit without further handling. Once the individual strip 
holders (up to 12 units) are placed on the IPGphor plat- 
form, reswelling and IEF are carried out automatically ac- 
cording to the protocol described in Table 3. For improved 
sample entry of high M, proteins, the rehydration process 
was activated by applying low voltage during reswelling. 
After sample entry with limited voltage, isoelectric focus- 
ing was performed within 4 h with a maximum of 8000 V. 
The resulting 2-D pattern (Fig. 3) shows highly resolved 
protein spots between pH 4 and 7 (6 cm separation 

IPG strips 18cm 

Temperature 2O0C 
Current maximum 
Sample volume 350 pL 

0.05 mA per IPG strip 

Reswelling 
IEF 

30 V for 6 h, followed by 60 V for 6 h 
200 V for 1 h 
500 V for 1 h 

1000 V for 0.5 h 
1000 V + 8000 V for 30 min; then continue with: 
8000 V for 4 h IPG 4-7 
8000 V for 3 h IPG 3-10 L, 3-10 NL, IPG 3-12 

IPG 4-9, IPG 4-12 
or 
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Figure 1. IPG-Dalt of mouse liver proteins (lysis buffer extract) using IPG 3-12 (24 cm separation distance) in the first 
dimension. Sample application: cup-loading near the anode. Second dimension: SDS-PAGE (1 3%T constant). Silver stain. 

distance/pH unit). Additionally, excellent results were also 
obtained by using IPGs 4-9, S 1 0  L, 3-10 NL and 3-12 
(18 cm; not shown), whereas the in-gel rehydration proce- 
dure for IPGs 6-10 and 6-12 with the protocol listed in 
Table 3 still has to be improved. 

4 Concluding remarks 

Compared to narrow IPGs such as IPG 9-12 and 1C-12 
[4], wide gradients up to pH 12, such as IPG 4-12 [3], 
6-12 and 2-12, are easy-to-use pH gradients for 2-D 
electrophoresis. Since no apparent reverse electroosmot- 
ic flow is observed, which would give rise to streaky 2-0 

patterns, no special attention has to be paid to the basic 
end of the gradients, and they can be run under standard 
conditions [ l ] .  The linear IPG 3-12 is perfectly suited for 
an "overview" pattern of total cell extracts. Additionally, 
extended separation distances such as 24 crn can be 
easily verified due to the short focusing times of wide- 
range pH gradients and due to the size stability of IPG 
strips cast on plastic backings. Finally, by using the IPG- 
phor, the multistep procedure of 2-D electrophoresis can 
be simplified by using IPG strip holders with integrated 
electrodes, and accelerated by the use of 8000 V for IEF 
provided by the system. 

Received December 3,1998 
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Figure 2. IPG-Dalt of mouse liver proteins using IPG 6-12 (18 cm separation distance) in the first dimension. Sample 
application: cup-loading near the anode. (A) Lysis buffer extract. (6) TCNacetone extract. Second dimension: SDS-PAGE 
(13%T constant). Silver stain. 

Figure 3. IPG-Dalt of mouse 
liver proteins (lysis buffer ex- 
tract). First dimension: IPG 4-7 
(1 8 cm separation distance), run 
on the IPGphor (sample applica- 
tion by in-gel rehydration). Sec- 
ond dimension: SDS-PAGE 
(13%T constant). Silver stain. 
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Steady-state electrolysis of a solution of 
nonamphotheric compounds 

The problem of stationary electrolysis of a solution of nonamphotheric compounds 
(acids or bases) is considered. The analysis is performed by taking into account the 
mobility dependence on pH. The properties of such a system are also compared with 
the ones pertaining to the solution of an amphoteric substance. It is anticipated that 
steady-state electrolysis of free acids and bases, in a convection-free system, might 
be useful for creating narrow pH gradients in rather acidic and alkaline milieus, which 
might be adopted for focusing without resorting to conventional carrier ampholytes or 
immobilized pH gradients. 

1 Introduction 

Keywords: Steady state / Weak electrolytes / Electrolysis EL 3341 

In this article we will analyze the steady-state concentra- 
tion distribution when electrolyzing a nonamphoteric sub- 
stance in a convection-free environment. Such a system 
is not only of practical importance as an alternative way 
for creating pH gradients, but is also a theoretically didac- 
tic problem by itself. The experimental setup may be 
treated as the simplest example of "natural pH gradient" 
(the definition introduced by Svensson in [l]). Some other 
examples may be found in our recent papers dealing with 
the steady-state distribution of carrier ampholytes in an 
immobilized pH gradient [ Z ]  and in pure water [3]. There 
are some specific features of this electrophoretic process 
for nonamphoteric substances in comparison with ampho- 
lytes, the most essential difference being that the former 
species have no isoelectric point and thus there is no limit 
of the pH function as their concentration is increased. 
Svensson-Rilbe considered the same problem in [4]; as a 
result he obtained a linear concentration profile, but with 
some more stringent restrictions, viz., he analyzed only 
strong electrolytes and, also, he supposed constant trans- 
ference numbers (in other terms, he neglected the charge 
variation with pH). 

2 Model description 

We will use the same system of equations, as was done 
when analyzing the electrolysis of a solution of an ampho- 
tere [3]: 

Correspondence: Prof. P G Righetti, University of Verona, De- 
partment 01 Agricultural 8 Industrial Biotechnologies, Strada Le 
Grazie. Ca'Vignal. 37134 Verona, Italy 
E-mall: righetti@imtucca csi.untrni it 
Fax: +39-45-8098901 

D---= dC(x) 
V ( x ,  C) c (x) dx 

i E ( x , C )  = - w, C) 

Here Cis the concentration, V(x,C) is the velocity of elec- 
trophoretic migration, D is the diffusion coefficient and v, 
is used to denote the mobility of an electrolyte ion, nor- 
malized to the electric charge value (q). 

The expression for the conductivity h(x,C) should be writ- 
ten by taking into account the water ion contribution (L): 

while the electrolyte contribution to conductivity (L) may 
be expressed as: 

where Fis the Faraday of electricity. Note that the electric 
charge q, the conductivity h and, consequently, the veloci- 
ty of electrophoretic transport (v) are the implicit functions 
of the coordinate (x); they are defined completely by the 
concentration C. 

Let us now suppose that electrolysis of an acid solution is 
performed, and that the electric charge as a function of 
pH is: 

In order to determine the pH we use the electroneutrality 
equation, the latter being a cubic equation relative to the 
hydrogen ion concentration: 

From Genome to Proteome: Advances in the Practice and Application of Proteomics 
Edited by Michael J Dunn 
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Here, K, is the ion water product. We may easily neglect 
the second term on the right side of the electroneutrality 
equation, provided that the acid concentration is not too 
small (C>>(K,)”’). We thus obtain: 

This relationship is represented in Fig. 1 for different val- 
ues of dissociation constants of hypothetical acids, span- 
ning a range of pKs from 0 to 7 at unit increments. For the 
electric charge we have strong decrements, up to 0.2 M 

concentrations, to a small fractional charge for the weaker 
acids (pK3 up to pK7), but then this residual charge also 
remains different from zero at very high concentrations 
(see Fig. 2). 

.I5 

.10 

YI 

.M 

With our assumption of moderate or strong acidic condi- 
tions the expression for conductivity may be written as: 

where vH is the relative mobility of hydrogen ions. Equa- 
tion (9) predicts an unlimited conductivity increase with 
concentration growth (in striking contrast to the case of 
carrier ampholyte solution [5, 61). As shown in Fig. 3, 
these conductivity increments are much steeper for stron- 
ger acids (pK3 and lower) and shallower for weaker ones 
(pK4 and higher). 

2 .I .6 .8 1 
CONCENTRATION M 

Figure 1. Prevailing pH as a function of concentration for 
solutions of ideal monobasic acids with different pK val- 
ues spanning a range from pH 0 to 7, at unit increments 
(interval of high concentrations). 

2 .4 .6 .B 1 
CONCENTRATION, M 

Flgure 2. Electric charge versus concentration for soh- 
tions of hypothetical monobasic acids with different pK 
values spanning a range from pH 2 to 6, at unit incre- 
ments (interval of high concentrations). 

0 
v 

P K 4  

.2 .4 .6 .8 1 
CONCENTRATION, M 

Figure 3. Conductivity as a function of concentration for 
solutions of ideal monobasic acids with different pK val- 
ues spanning the range pH 3-6, at unit increments (inter- 
val of high concentrations). The relative mobility of anions 
in these simulations is 0.05. 
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Let us now consider the behavior of electrophoretic mi- 
gration velocity; as shown in Eq. (5) it contains the ratio of 
q to h, which according to our assumptions (Eq. 8 for [HI), 
gives the relationship of C close to a hyperbolic one 
( v -  c'). Written in a complete form: 

A. V. Stoyanov and P. G .  Righetti 

where vrel expressed the anion mobility in hydrogen mobi- 
lity units, that is, vrel = v$vH. The relationship thus ob- 
tained is visualized in Fig. 4. The important result is that 
the velocity of electrophoretic migration is quasi inde- 
pendent of the dissociation constant value (by assuming 
rather high concentrations). In fact, the curves for all acids 
from pKO up to pK5 are almost coincident. 

It is also interesting to compare the conductivity contribu- 
tions of electrolyte and water. Their ratio is expressed by: 

kc, q2 
- = v,,, C(X) - 
h, [HI 

By using the equation for hydrogen ion concentration [8], 
we obtain: 

Taking into consideration that, usually, the mobility of an 
electrolyte ion relative to that of the hydrogen ion is lower 
by at least one order of magnitude, we may see that the 
highest degree of ionization (see Fig. 2) will correspond 
only to a small percent of the ratio given in Eq. 12. Note, 

COWCEWTRATlON 

Figure 4. Velocity of electrophoretic migration versus 
concentration for hypothetical monobasic acids with dif- 
ferent pKvalues spanning the pH range 0-5, at unit incre- 
ments. 

on the contrary, that with a solution of an amphoteric sub- 
stance we have a different situation: the pH approaches 
the plas the concentration increases (at this point the am- 
pholyte charge is a true zero), as also shown experimen- 
tally by Righetti and Nembri [7] and by Bossi and Righetti 
[8]. For nonamphoteric species, we have instead a per- 
manent growth of hydrogen ion concentration (see Fig. 
1 ); nevertheless, the relative contribution of electrolyte 
ions also becomes considerably smaller at high concen- 
trations*. Although the concept of dividing the conductivity 
of an electrolyte by that of bulk water may seem somehow 
artificial, due to the fact that the conductivity is an additive 
value, it is nevertheless correct and we think it is useful 
for a better understanding of electrolysis phenomena. 

3 Steady-state concentration distribution 

With the assumptions made above, the differential equa- 
tion, expressing the steady-state condition, can be rewit- 
ten in the form: 

The simplest form is obtained for the case of a strong 
electrolyte, in which case ( H )  = C and also the electric 
charge may be supposed equal to the unit. Then the 
above equation reduces to: 

where the coefficient K is equal to: 

The solution to Eq. (14) is a linear concentration course: 

C(x) = KX + Const (16) 

where the Const value is defined by the total amount of 
electrolyte. 

In a general case, however, we need to solve Eq. (13). 
Since the latter belongs to the type of separate variables, 
it may be analyzed in a rather easy way. By taking into 
consideration the fact that the conductivity contribution of 
an electrolyte anion may be omitted (see the previous 
section) we thus again obtain an equation of the same 

In other terms, an additional increment of concentration of elec- 
trolyte (acid or base), obviously results in an increase of con- 
ductivity, but the latter takes place mostly due to pH changes 
rather than to an additional amount of electrolyte (non-water 
ions). 
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form as Eq. (14). We should now take another coefficient, 
however K' instead of K: 

As we have seen above, the behavior of strong or weak 
electrolytes is similar, in the range of rather high electro- 
lyte concentrations, but we should pay attention to the 
low-concentration region. Here, for the hydrogen ion con- 
centration, we have to use another expression: by sup- 
posing that C<<K,, we have: 

[HI2 - [H(C)] - K, = 0 (17) 

This equation, in contrast to Eq. (8), gives an upper pH 
limit of pH 7 at vanishing concentrations of acid (Fig. 5). 
In addition, we should no longer neglect the term of con- 
ductivity, which is related to the hydroxyl ion contribution: 

where vOHrel is used to express the hydroxyl ion mobility 
in hydrogen ion mobility units. Thus we obtain the differ- 
ential equation: 

We will analyze the equation with the assumption of 
C<<2KW"'. The results of calculations are given in Fig. 6, 
in which we can see that, by utilizing Eq. (17) for hydro- 
gen ion concentration (in contrast to Eq. 7), there is no de- 
velopment of a region in solution with a zero concentra- 
tion of electrolyte. 

4 
.2 .4 .6 0 1 

CONCENTRATION 10% 

Figure 5. Prevailing pH as a function of concentration for 
a solution of a monobasic acid (low concentration range). 
Note that, for vanishing concentrations, the pH tends to- 
wards the upper limit value of pH 7. 

/ 

1 2 

LENGTH, mm 

Figure 6. Concentration course of a strong acid when 
the steady-state electrolysis of a low concentration soh- 
tion is performed. In these calculations the following 
parameters were used: j = lmA/m2 (j, current density): 
v,,,= 0.02; B= 0.5 lo-'' m'/s. 

4 Discussion 

Our theoretical analysis has produced, as a main result, 
the observation that electrolysis of a weak electrolyte gen- 
erates, under steady-state conditions, a concentration 
distribution close to linear. That is to say, although the 
mobility of the electrolyte does not begin to meet the con- 
dition of approaching a zero value as its concentration is 
increased (as in the case of amphoteric substance), nev- 
ertheless there exists a mechanism restricting the exces- 
sive concentration growth, and it is mostly connected with 
the increase of conductivity. 

As we mentioned in the introduction, the system consid- 
ered in the present paper is the simplest case of a natural 
pH gradient, since it represents a single-component solu- 
tion subjected to electrolysis (in the sense that no other 
new ions, except for one, are generated when dissolving' 
our substance in pure water). Such systems may cause 
some paradox with respect to the question of terminology, 
viz.. the ion is subjected to the action of electric field in a 
pH gradient, but the latter is formed with the help of the 
same ion only (no other ions being present except for 
those produced by dissociation of water). On the other 
hand, such gradients may be used for separation purpos- 
es, provided the concentration of the gradient-creating 
components is considerably higher than that of the sam- 

* Generally, we have a number of microstates which are in mutu- 
al equilibrium; in the framework of the so-called "highly-relaxing 
model" we may speak about only one "effective state" [9]. Note 
that a solution of any salt (one chemical substance) does not 
form a single component solution. 
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ple ions. They should probably be more effective in the 
case of very narrow pH gradients, especially when using 
only a single weak acid (or base). Although this principle 
has been forgotten in present-day separation science, it 
was tried and successfully established long ago, when at- 
tempting to create very acidic pH gradients, not covered 
by the carrier ampholytes commercially available in those 
days. Thus Pettersson [l 11 and Stenman and Graesbeck 
[12] applied this principle for generating pH gradients cov- 
ering, fairly linearly, the pH 2-4 interval. In order to ac- 
complish this task, not a single acid, but a series of acids 
of different strength, had to be carefully blended. These 
were: malic acid, formic acid, succinic acid, acetic acid, 
and propionic acid. Upon steady-state electrolysis, in a 
convection-free environment (ensured with the help of a 
sucrose density gradient), a pH 2-4 gradient could be 
generated, in which cobalophilin (or R-type vitamin BI2 
binding protein) of human serum could be resolved into 
five major components, having pls of 2.5, 3.1, 3.4, 3.6 
and 3.9 [12]. Such results were remarkable in those days, 
much as they would be unique even by today’s standards. 
Later on, also Lundhal and Hjertbn [13] attempted to cre- 
ate pH gradients in ordinaty buffers, but with a different 
approach: either by means of a temperature gradient, or 
by means of electrophoresis in a concentration gradient 
of a neutral substance, such as sucrose, sucrose poly- 
merized with epichlorohydrin (Ficoll), or polyactylarnide 
gels. However, neither approach was successful. To 
quote verbatim: thermally engendered “pH gradients are 
difficult to utilize for isoelectric focusing because the pH of 
ordinary buffers and the p l  proteins do not exhibit suffi- 
ciently large differences in temperature coefficients”. In 
the latter case, “semistationary pH gradients develop dur- 
ing electrophoresis in concentration gradients formed by 
neutral substances, for instance sucrose, Ficoll, poly- 
acrylamide gels. The useful parts of these gradients in 
our experiments were too steep or too shallow to be utiliz- 
ed for isoelectric focusing”. 

At the end of this excursus we want to mention that the 
stationary electrolysis of some single component was in- 

A. V. Stoyanov and P. G. Righetti 

vestigated experimentally by Tiselius as early as in 1941 
[lo]. Tiselius studied solutions of sodium hydroxide and 
sulfuric acid and obtained concentration profiles close to 
linear (the experiments were made in a multi-compart- 
ment chamber). Our treatment was performed by taking 
into account free acids, as an example of electrolytes, but 
similar results are obtained, of course, in the case of free 
bases. 
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Modified immobilized pH gradient gel strip 
eq u i I i brat ion procedure in SW ISS-2DPAG E 
protocols 

In the present paper we report a revised protocol for immobilized pH gradient (IPG) gel 
strip equilibration involving a procedural modification between the first- and second- 
dimensional separation in both analytical and preparative two-dimensional polyacryl- 
amide gel electrophoresis (2-D PAGE). By changing the pH of the equilibration buffer 
(pH 8.0). the concentration of alkylating reagent (1 25 mM iodoacetamide) and the time 
of incubation (15 min), it has been possible to achieve increased cysteine (Cys) alkyla- 
tion to completion with only one adduct of carboxyamidomethyl-Cys formed. Important- 
ly, the modification does not alter the 2-0 proteome patterns and therefore maintains 
the integrity of the existing SWISS-2DPAGE entries. Results are presented for com- 
parative analyses using human plasma, and for Cys analysis of human albumin to illus- 
trate the advantages of the improved protein reduction and Cys alkylation. The modi- 
fied step of IPG gel strip equilibration will assist protein digestion for matrix-assisted 
laser desorption/ionisation - time-of-flight - mass spectrometry analysis, and make Cys 
quantitation possible without further in-gel or on-blot alkylation. 

Keywords: Two-dimensional polyacrylamide gel electrophoresis / Reduction / Alkylation I Cys- 
teine / Immobilized pH gradients EL 3370 

Proteomics relies on the capability to produce high-reso- 
lution proteome maps using two-dimensional polyacryl- 
amide gel electrophoresis (2-0 PAGE). The introduction 
of immobilized pH gradient (IPG) strip gels for first- 
dimensional isoelectric focusing [ l  , 21 has been a key de- 
velopment underpinning this capability, allowing the pro- 
duction of highly reproducible protein arrays for both ana- 
lytical and preparative purposes. The reproducibility has 
led to proteome maps being available in databases ac- 
cessible via the Internet, such as the SWISS-2DPAGE 
database [3] (http://www.expasy.ch/ch2d/) and HSC- 
2DPAGE [4, 51 (http://www.harefield.nthames.nhs.ukhhli/ 
protein/index.html). SWISS-2DPAGE is one example of 
an annotated database of reference proteome maps 
providing an important source of information on proteins 
identified from biological, physiological and pathological 
samples. The 2-0 PAGE protocols used in compiling this 
database are progressively updated to incorporate best 
practice technique advances, including those that facili- 
tate protein characterisation. In the last two years, peptide 
mass fingerprinting using MALDI-TOF (matrix-assisted la- 
ser desorption/ionisation-time-of-flight) mass spectrome- 
try has emerged as a protein identification tool particularly 
suited to identification of low-abundance proteins sep- 
arated on proteome maps. Peptides are produced 

Correspondence: Dr Jun X Yan. National Heart and Lung Insti- 
tute, Heart Science Centre, Harefield Hospital, Hill End Road, 
Harefield, UB9 6JH, UK 
E-mail: jun yan@harefield nthames nhs uk 
Fax: +44-1895-828-900 

through enzymatic digestion of in-gel or on-blot target pro- 
teins. Prior to an efficient digestion, many groups have 
employed reduction and alkylation steps in order to break 
both inter- and intra-chain disulfide bonds of the protein 
molecules and ensure fully alkylated cysteine (Cys) resi- 
dues [6, 71. This is believed to improve the efficiency of 
protein digestion, thus facilitating the production of repro- 
ducible and representative peptide fingerprints. 

Limited alkylation of Cys in proteins can occur during sep- 
aration in polyacrylamide gels due to the interaction of 
Cys with residual acrylamide to form Cys-propionamide 
(Cys-Pam) [a], but this is generally low in IPG strips due 
to extensive washing of the strips during manufacture to 
remove free acrylamide. During loading of the first- 
dimensional isoelectric focusing strips to the second- 
dimensional SDS-PAGE, solubilization of proteins in the 
IPG strips is achieved by a two-step equilibration with 
reducing agent o reduce disulfide bonds and alkylating re- 
agent to block-SH groups (see http://www.expasy.ch/ 
ch2d/technical-info.html) [2]. This is normally carried out 
using modified stacking buffer with a reducing agent (e.g., 
dithioerythritol, DTE) and alkylating agent (e.g., iodoace- 
tamide) at pH 6.8 so that the strips can be loaded without 
further pH alteration [9]. However, the optimal conditions 
for reduction and alkylation are alkaline (pH 8.9) [ lo] so 
that alkylation of Cys to carboxyamidomethyl-Cys (Cys- 
Cam) under these conditions is incomplete. Although oth- 
er groups have reported their IPG strip equilibration using 
pH 8.5 buffer and 15 min incubation [ll-131 which did not 
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alter the gel patterns, detailed Cys alkylation analysis has 
not been carried out. 

In this paper the effects of optimising alkylation and re- 
duction during the transfer of proteins from the first to the 

second dimension during 2-D PAGE has been investigat- 
ed. Human plasma was separated by mini 2-D PAGE [14, 
151. IPG equilibration conditions before transfer to the 
second dimension were carried out in original or modified 
equilibration buffers as shown in Table 1. The modified 

Figure 1. Comparison of images of Coomassie blue-stained gels and amido black-stained blots of human plasma 2-D 
PAGE. Gel (a) and blot (c) images obtained from IPG strips treated with the original equilibration method (see Table 1). Gel 
(b) and blot (d) images obtained from IPG strips treated with the modified equilibration method. The position of human albu- 
min (HSA) is marked. Note the qualitative and quantitative similarities in patterns between the different equilibration meth- 
ods. There is no effect of the equilibration method on protein recovery or protein transfer. 
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Figure 2. Chromatograms of Fmoc-amino acid separations. (a) From a standard amino acid mixture 
containing carboxymethyl-Cys (Cys-Cam acid) and Cys-propionic acid (Cys-Pam acid). (b), (c) From hy- 
drolysates of human albumin, where (b) is from the 2-D PAGE using the original equilibration method 
and (c) is from the separation using the modified method. Note the presence of both Cys-Pam and Cys- 
Cam in the chromatogram of HSA prepared using the original equilibration method, but in the chromato- 
gram prepared using the modified method only Cys-Cam is present. 

conditions entailed an increase in the concentration of 
reducing and alkylating reagents and an increase in the 
pH and incubation time, but in all other respects (e.g., 

loading, staining, etc.) the gels and blots were treated 
identically. After separation, proteins were stained with 
Coomassie blue [16] or blotted onto polyvinylidene difluor- 
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Table 1. Comparison of original and modified equilibration methods for IPG strips prior to 
application to the second-dimensional SDS-PAGE 

Original equilibration method Modified equilibration method 

Buffer 1 Buffer 2 Buffer 1 Buffer 2 
65 mM DTE 65 mM iodoacetamide 125 mM DTE 125 mM iodoacetamide 
50 mM Tris, pH 6.8 
6 M urea 6 M urea 6 M urea 6 M urea 
30% vlv glycerol 30% vlv glycerol 30% vlv glycerol 30% vlv glycerol 

10 min 5 min 15 min 15 min 

50 mM Tris, pH 6.8 50 mM Tris, pH 8.0 50 mM Tris, pH 8.0 

2% WIV SDS 2% WIV SDS 2% WIV SDS 2% WIV SDS 

ide (PVDF) membranes and stained with amido black 
[16]. Gels and blots were scanned and the images 
compared by Melanie II computing program (Bio-Rad, 
Uppsala, Sweden; Fig. 1). There were no significant dif- 
ferences in protein pattern between the two equilibration 
methods, and there was not significant protein loss or dif- 
fusion during the longer incubation, and the efficiency of 
blotting for the two treatments was the same. Modifica- 
tions of Cys were determined by Fmoc (9-fluorenylme- 
thoxycarbonyl) amino acid analysis (AAA) [ lo ]  and hu- 
man albumin (HSA) was chosen as a test protein due to 
its high content of intrachain disulfide bond formation (see 
SWISS-PROT entry albu-human). HSA from plasma 
equilibrated in the original buffer gave two modified Cys 
peaks during AAA with about 60% of the total cys being 
recovered as Cys-Cam and a small amount of Cys-Pam 
also being present (Fig. 2). In the AAA of HSA treated 
with modified buffer there was only one Cys adduct pres- 
ent, with almost 100% being recovered as Cys-Cam (Fig. 
2). The quantities for the remaining amino acids were es- 
sentially the same with both treatments. 

In conclusion, equilibration of IPG strips in buffer with a 
higher pH, higher concentrations of reducing and alkylat- 
ing reagents, and increased incubation time (see Table 1) 
results in an increase in the amount of modified Cys. 
There was nearly 100% conversion of Cys to Cys-Cam; 
thus further in-gel or on-blot reduction and alkylation is 
unnecessary and the number of potential products formed 
during peptide mass fingerprinting will be fewer, thus sim- 
plifying analysis. The treatment does not affect the 2-D 
PAGE protein pattern, which is in agreement with the 
comparison results reported previously [13], so that adop- 
tion of this methodology will be compatible with the exist- 
ing SWISS-PDPAGE databases. 
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Microchannel networks for electrophoretic 
separations 

UV excimer laser photoablation was used to micro-machine polymer substrates not on- 
ly to drill microchannel structures but also to change the surface physical properties of 
the substrates. We first describe how UV laser photoablation can be used for the pat- 
terning of biomolecules on a polymer and discuss parameters such as surface cover- 
age of active antibodies and equilibration time. Secondly, we show how to design a sin- 
gle-use capillary electrophoresis system comprising an on-chip injector, column and 
electrochemical detector. The potential of this disposable plastic device is discussed 
and briefly compared to classical systems. Finally, preliminary results on protein sepa- 
ration by isoelectric focusing on a disposable microchip are presented. 

Keywords: Photoablation / Disposable plastic microchip I Capillary electrophoresis / Protein sep- 
aration I lmmunoassay 

1 Introduction 

The increased demand for protein analysis and rapid drug 
discovery requires the development of novel automated 
techniques. The new trends to overcome the cumber- 
some and expensive methodologies currently used in lab- 
oratories are miniaturization and integration, providing 
fast screening of chemical and biochemical information 
on a routine basis. Intense efforts have been made to re- 
duce whole laboratory systems onto microchip sub- 
strates, often utilizing capillary electrophoresis (CE) as 
the principal analytical technique [ l ] .  These miniaturized 
systems have been termed microscale total analysis sys- 
tems (p-TAS) [2] and, due to high demands on contami- 
nation-free handling, they are often designed for single 
use only. Most p-TAS devices to date have been pro- 
duced photolithographically on substrates such as glass, 
quartz and silicon [3]. These devices are fabricated under 
clean room conditions and are normally sealed by thermal 
or anodic bonding to a glass cover that renders difficult 
the immobilization of biochemical compounds. 

The UV excimer laser photoablation technique has been 
used in our laboratory as an alternative method for the de- 
velopment of microdiagnostic systems [4] in polymers 
such as polyethylene terephthalate (PET) or polycarbon- 
ate. Photoablated polymer channels and channel net- 
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works are further sealed by a conventional lamination 
process that does not require high sealing temperatures 
[4]. Excimer laser etching relies on the generation of high 
energy light pulses that are fired in nanosecond bursts 
and focused onto polymers possessing suitable UV ab- 
sorption characteristics. The incident photons rapidly 
break chemical bonds within a confined space, thereby 
leading to a localized pressure rise resulting in mini-explo- 
sions and in the ejection of ablated material. Photoablated 
polymers exhibit larger surface charges and adjustable 
roughness or hydrophilic properties with respect to non- 
ablated material, and have been characterized for their 
ability to generate capillary as well as electroosmotic flow 
(EOF) [4, 51. 

In this paper, we present several separation and detection 
methods that can be implemented on polymer substrates. 
First, we show that proteins can be patterned on polymer 
surfaces modified by photoablation in various modes 
maintaining part of their activity. Second, antibodies are 
immobilized within p-channels, and a fast immunoassay 
is carried out. Third, injection, separation, and detection 
on photoablated p-channel networks are described in or- 
der to demonstrate how a disposable capillary electro- 
phoresis p-system can be designed. Finally, electropho- 
retic separation of a protein mixture is achieved by 
isoelectric sieving, thereby showing how the conventional 
isoelectric focusing methodology can be transposed to a 
miniaturized device. 

2 Materials and methods 

2.1 Photoablation 
The microfabrication was achieved as already described 
[4] by UV laser photoablation of commercially available 
polymers such as PET (Mylar type D from DuPont, Gene- 
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va, Switzerland) or polycarbonate. Briefly, 100 pm thick 
PET sheets were rinsed with water and ethanol and then 
mounted on a computer controlled X,  Y stage (Microcon- 
trol, Evry, France). Then, UV laser pulses (193 nm) were 
fired onto the polymer substrate target through a homoge- 
nizer, a copper photo mask, and a 1O:l reduction lens 
with a frequency of 50 Hi! at 200 mJ/pulse. During the 
photoablation process, the polymer substrate was moved 
horizontally on the X, Y stage over 1-20 cm, thereby de- 
termining the length L, of the p-channels. The rate of dis- 
placement of the X, Y stage was set between 150 and 
200 pm/s, allowing modulation of the p-channel depth Hc 
between 15 and 60 pm. The copper masks were 1 cm 
over 0.3-2 mm rectangles, so that the p-channel width 
W, could be chosen between 30 and 200 pm. Reservoirs 
were opened at each extremity of the p-channels by firing 
sufficient pulses to penetrate the whole polymer sheet. Af- 
ter washing with water and ethanol and drying under pres- 
surized air, the p-structures were sealed by a low temper- 
ature lamination process using a standard industrial 
lamination apparatus from Morane Senator (pneumatic 
control; Oxon, UK). The laminate used was a 35 pm thick 
PET film covered on one side by a 5 pm thick polyethy- 
lene (PE) adhesive layer (purchased from Morane, Oxon) 
that is thermally annealed to the base polymer at 125°C 
for 1-2 s. 

2.2 Biopatterning 

The patterning of proteins onto polymer substrates was 
achieved by the so-called lamination technique [6]. The 
substrate sheets (approximately 5 x 5 cm squares) were 
first washed with water and ethanol and directly laminated 
with the above PET/PE film that plays the role of a protec- 
tive layer. The above photoablation procedure was then 
used to structure rectangular channels (L = 1 mm, H, = 
50 pm and W, = 20,40,100 and 200 pm) through the pro- 
tective laminate using the corresponding copper masks. 
The patterned sheets were then incubated with avidin for 
2 h (100 pg/rnL avidin; Sigma, St. Louis, MO, USA in 
PBMS solution, i.e., 100 mM phosphate and 1 mM MgCI2 
at pH 7). After three washing steps with 200 pL PBMS, 
the substrates were incubated with biotin-labeled fluores- 
ceine (100 pg/mL in PBMS; Sigma), either overnight at 
+4OC or for 2 h at room temperature. As a last step, after 
washing (three times with 200 pL PBMS) and drying of 
the substrates, the lamination was manually peeled off 
and fluorescence imaging was carried out with an Axio- 
vert LSM 410 microscope (Carl Zeiss, Jena, Germany). 

2.3 o-Dimer irnmunoassay 

Protein immobilization in the p-channels was achieved by 
physisorption. The channels (L, 2 cm; H, 50 fim; and W,, 

100 pm) were incubated for 1 h with 10 pg/mL of anti+- 
dimer (anti-DDi) 2F7 antibody (Serbio, Gennevilliers, 
France). Blocking against nonspecific adsorption was car- 
ried out with 2% bovine serum albumin (BSA) (Sigma) for 
1 h, and was further controlled by fluorescence imaging. 
Then, serial dilutions of DDi-ALP (DDi-alkaline phospha- 
tase) were incubated for 5 min. The Vistra ECF substrate 
solution was finally filled and the fluorescence in the chan- 
nels was measured with Storm Imager 840 (Molecular 
Dynamics, Sunnyvale, CA, USA). Washing steps were 
performed between each incubation step. 

2.4 Incorporation of carbon ink electrodes 

Conducting carbon paste electrodes were implemented at 
the end of a p-channel (L, 1.7 cm, H,, 40 Fm; W,, 40 pm) 
specially designed for electrophoretic separation; Fig. 1 
shows the prototyping design chosen here for a single- 
use capillary electrophoresis p-system. The injector is ei- 
ther composed of a cross (as in Fig. 1) or a double T, al- 
lowing highly reproducible injections of hundreds of picoli- 
ters. Two mM aminophenol (Fluka, Buchs, Switzerland) in 
10 mM phosphate buffer at pH 8 (Fluka) was used as elec- 
troactive sample to test the final device. The electrochem- 
ical detector is composed of conductive carbon bands of 
40 km in width that are placed either on both vertical walls 
of the p-channel (‘race-to-face” configuration as shown in 
Fig. 1) or at the bottom of the p-channel (“inlaid bands” 
separated by 100 pm, not shown here; Rossier eta/., sub- 
mitted). For the integration of carbon electrodes, the p- 
channels were rinsed with water and ethanol after the 
photoablation procedure. Then, the p-channels were filled 

Figure 1. Schematic representation of a p-chip with inte- 
grated injector, separation column and electrochemical 
detector. 
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surface were calculated from fluorescence images (Fig. 
2) as 34.4 (* 4.0) pm x 1 mm for the avidin line patterns 
and 18.8 ,(* 2.2) pm as smallest distance between two 
channels. Note that no significant fluorescence signal 
was observed during the control experiments in which the 
p-channels contained no avidin. Therefore, the fluores- 
cence measured in Fig. 2 results from biotin-fluoresceine 
bound to active immobilized avidin. This demonstrates 
that receptor ligand binding of avidin-biotin couples can 
be used as a model molecular recognition system for pat- 
terning surfaces. Furthermore, Fig. 2 shows that the re- 
sulting line-patterns in PET are very well defined, which 

with an excess of carbon ink. The whole structure was 
cured at 7OoC for 2 h. Then, a thin layer of photoresist 
(1 pm) was spin-coated and cured. Finally, the main 
channel was laser-machined at the opposite side of the 
devices and the structure was sealed by a PET/PE lami- 
nation (Rossier eta/., submited). Pulse amperometry was 
performed with a computer-controlled potentiostat 
(AEW2-type; Sycopel Scientific, Oxford UK) in two or 
three electrode modes. The carbon electrodes in the 
channel served as working electrode (WE) and counter 
electrode (CE), whereas the Ag/AgCI reference electrode 
was placed in the reservoir drop outside the p-channel. 
For the detection of aminophenol, the carbon electrodes 
were polarized between 0 and 400 mV against the Ag/ 
AgCl reference. 

2.5 lsoelectric sieving 

Protein separation was carried out in laminated PET p- 
channels (2 cm long, 100 pm wide and 50 pm deep) com- 
prising a reservoir at each extremity. The channels were 
filled by capillary flow with an acrylamide/bisacrylamide 
solution (Sigma) already containing ammonium persulfate 
and N,N,N:N'-tetramethylethylenediamine (TEMED; Sig- 
ma) to give 6%T and 4%C. The pH of the gel was set to 
5.4 by addition of 2.5% and 2.55% v/v of lmmobilines 
(Pharmacia, Uppsala, Sweden) of pK, 4.6 and pKa 6.2, 
respectively. The polymerization was achieved in a hu- 
midification chamber at 5OoC for 1 h. The anode reservoir 
was filled with a mixture of 1 mg/mL in water of both cyto- 
chrome c and P-lactoglobulin (Sigma). A constant voltage 
was then applied between the two reservoirs with the fol- 
lowing power supply (CZE 1000R; Spellman, Haup- 
peange, NY USA): 400 V/cm were applied during the first 
30 min of the experiments, and the potential was then 
switched to 500 V/cm for the last 15 min. At the cathode 
reservoir, the sample was collected at different times and 
analyzed by capillary electrophoresis with a Biofocus 
3000 apparatus (Bio-Rad, Richmond, CA, USA). 

3 Results and discussion 

3.1 Patterning and adsorption of proteins on 
photoablated polymers 

The photoablation technique was used here to create 
well-defined regions in which biomolecules can be ad- 
sorbed on a polymer substrate. To this aim, avidin was 
patterned on PET using the so-called lamination tech- 
nique (61 (see Section 2.2) and further detected by fluo- 
rescence microscopy after incubation with fluorescein- 
labeled biotin. Microchannels separated by various 
distances were thus drilled by photoablation through the 
lamination, and the resulting dimensions of the patterned 

Figure 2. Fluorescence microscope picture of 20 pm 
wide p-channels filled by lamination technique with avidin 
marked by fluorescein-labeled biotin. (The patterned 
p-channels are parallel despite optical distortion) 

0 5 10 15 20 25 30 35 
Antigen concentration / pgrnI-1 

Figure 3. Detection of ALP-labeled antigen in polycar- 
bonate p-channels. Ten pg/mL of mouse anti-D-dimer 
antibody is first adsorbed for 1 h. After a washing step, 
the surface is blocked with a 2% BSA solution. Serial dilu- 
tions of ALP-labeled antigen are added to each channel 
after adsorption of anti-DDi followed by BSA blocking as 
detailed in Section 2.3. 
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signifies that no leakage underneath the lamination occur- 
red during the incubation steps and that the lamination is 
completely removed during the peel-off process. It has 
yet been noted that the limiting distance between the pat- 
terns is -20 pm. Apart from its excellent precision, one 
important advantage of the method is the unlimited variety 
of patterns that can be drawn. 

Comparison for the adsorption of ''C-labeled BSA on 
nonlaser-treated polymer surfaces [6] also showed that 
enhanced hydrophobicity and roughness of photoablated 
polymers increase the amount of adsorbed proteins by 2- 
to 3-fold. The maximum value obtained for adsorbed BSA 
on photoablated polyimide was -600 ng/cm2, which is 
slightly larger than the expected value for a monolayer of 
adsorbed BSA molecules due to increased surface area 
during laser treatment. Avidin-biotin binding can be easily 
extended to a wide variety of biomolecules such as anti- 
bodies, enzymes or DNA, and the methodology used here 
can also be used to adsorb protein within closed p-chan- 
nels, in which fluid handling is then possible. Figure 3, for 
example, shows the adsorption isotherm that was ob- 
tained by fluorescence measurements of the enzymatic 
product, which was generated by ALP-labeled antigens 
bound to mouse anti-DDimer antibodies adsorbed in poly- 
carbonate pchannels. Anti-DDi antibodies were not de- 
sorbed during this parallel analysis, which may then be 
used as a powerful method for fast immunoassays. Minia- 
turization of such immunoassay devices results in short 
equilibration times. In a first approximation, the time re- 
quired for a molecule to diffuse from one wall of the p- 
channel to the other is given by: L = ,'D t, where L is the 
p-channel width and D is the diffusion coefficient of the 
compound of interest. A typical equilibration time of 5 min 
for the specific adsorption of antigens on immobilized an- 
ti-DDi has been measured. This is much faster than the 
classical microtiter plates for which the typical equilibra- 
tion time is about 1 h. 

3.2 Photoablated microchannel network for 

Another advantage of miniaturized systems obtained by 
photoablation of PET is their ability to generate EOF 
when a buffer solution is placed in a high electric field [4]. 
A special effort has been made to integrate an electro- 
chemical detector in the plastic pchips, allowing a repro- 
ducible placement and sensitive detection of electroactive 
species (Rossier eta/. ,  submitted), A critical parameter of 
the electrochemical detection in an EOF-driven pdevice 
is the decoupling of the high voltage current path from the 
mass flow arriving at the detector. Indeed, in order to min- 
imize distortion of the measurements, integrated electro- 
chemical detection necessitates minimal interference 

miniaturized capillary electrophoresis 
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Figure 4. Detection of a plug of 2 mM aminophenol in 
10 mM phosphate buffer by pulse amperometry (0-400 
mV vs. AgIAgCI), using the p-electrophoresis devices 
shown in Fig. 1. From 0 to 11 s, no potential was applied 
in the pchannels; from 11 to 30 s, 150 V/cm were applied 
across the injection column; after 30 s, the voltage was 
switched across the separation column at 900 V/cm for 5 
s before being cut-off. 

from the separation electric field [7]. We therefore de- 
signed a novel type of electrical decoupler which consists 
of an array of micro-holes of 5 pm diameter pierced 
through the PET/PE laminate. This decoupler is placed 
1 mm in front of the electrodes, so that the effective sepa- 
ration length in the p-device of Fig. l is 1.7 cm. The ad- 
vantage of our methodology over conventional decou- 
pling/detection systems is the fixed, stable, and 
reproducible placement of the electrodes as well as the 
possibility of working in three electrode mode to reduce 
the current path and hence the ohmic drop (Rossier eta/., 
submitted). 

The working principle of the electrophoretic psystem is 
shown (Fig. 4) by the detection of a plug of 2 mM amino- 
phenol in 10 mM phosphate buffer. This plug was first in- 
jected by applying 150 V/cm at the extremities of a simple 
cross before switching the potential to the separation col- 
umn in which a typical electric field of 900 V/cm was ap- 
plied across the whole column. This electric field gener- 
ated a sufficiently high EOF to rapidly let the plug reach 
the two inlaid carbon bands of 40 pm width that served as 
working and counter electrodes (approximately 5 s were 
needed by the aminophenol plug to cover the 1.8 cm sep- 
arating the injector from the detector). This experiment 
demonstrates that the configuration shown in Fig. 1 is 
suitable for correct and reproducible electrochemical 
measurements and that it provides sensitive and fast 
analysis. Work is now in progress to improve each part of 
these p-CE devices so as to reach theoretical plates sim- 
ilar to those already obtained with other p-systems. 
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the rest of the sample. All proteins with a different p l  from 
that defined by the gels either do not reach the reservoir 
or pass it. 

Preliminary results obtained for the separation of p-lacto- 
globulin (pl5.2) and cytochrome c (pl9.6) are shown in 
Fig. 5. Before application of the electric field, CE analysis 
of the anodic reservoir reveals the presence of both pro- 
teins (see Fig. 5A), whereas the evolution of the cathodic 
solution with time (Fig. 58) clearly shows the progressive 
concentration increase of cytochrome c and the absence 
of p-lactoglobulin. The main advantage of the present 
technique is that sample transfer is easy to perform, 
which means that separated proteins can be further sep- 
arated, purified, or analyzed. 

-3 
14110 h I 

I 
'I 

'I 
'1 

E l e c s c t i m e :  I: cytochromec 

- - - 45min 

20 25 3.0 3.5 4.0 4.5 5.0 

TimeImin 

Figure 5. Electropherograms obtained from the reservoir 
solutions before and during isoelectric sieving of a mixture 
of cytochrome c and P-lactoglobulin following the proce- 
dure described in Section 2.5. (A) Electropherogram for a 
mixture of 1 mg/mL of both cytochrome c and p-lactoglo- 
bulin in the anodic reservoir at t = 0. (B) Electrophero- 
grams for cytochrome c collected in the cathodic reservoir 
of a p-channel after separation from p-lactoglobulin with 
dependence on time (applied potential: 400 V/cm for 30 
min and then 500 V/cm for 15 min). 

3.3 lsoelectric sieving in photoablated PET 

Part of our work is devoted to the transposition of 2-D gel 
electrophoresis to a miniaturized system specially de- 
signed to recover the separated proteins in a free-flowing 
solution. IEF is used here for protein separation, and the 
device consists of a network of p-channels separated by 
reservoirs and filled with conventional polyacrylamide 
gels. The pH is different in each section of the global 
structure and can be fixed by addition of an adequate 
amount of lmmobilines to the various polyacrylamide sol- 
utions. Electrophoresis allows then to entrap the proteins 
of interest in the reservoir corresponding to their respec- 
tive isoelectric point (pl). therefore separating them from 

microchannels 

4 Concluding remarks 
We showed the working principles of photoablated poly- 
mers to create analytical p-devices. The patterning of ac- 
tive biomolecules, the development of fast immunoas- 
says, and the use of electrophoresis and electrochemistry 
in p-systems make it possible to design powerful polymer 
devices. The simplicity and easy handling of the de- 
scribed techniques facilitate their application in microdiag- 
nostic devices. Further improvements are in progress in 
our laboratory. Polymer substrates are suitable for the 
manufacture of p-TAS and disposable sensing devices, 
and laser photoablation is a rapid and convenient method 
for prototyping such p-systems. Moreover, the low tem- 
perature and rapid sealing also allow the predeposition of 
sensitive biological reagents that have been shown to re- 
tain their desired activity after p-channel closure. 
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Proteome analysis of polyacrylamide gel-separated 
proteins visualized by reversible negative staining 
using imidazole-zinc salts 

Identification and characterization of proteins isolated from natural sources by poly- 
acrylamide gel electrophoresis has become a routine technique. However, efficient 
sample proteolysis and subsequent peptide extraction is still problematic. Here, we 
present an improved protocol for the rapid detection of polyacrylamide gel-separated 
proteins, in situ protein modification, proteolytic digestion and peptide extraction for 
subsequent protein identification and characterization by capillary high-performance 
liquid chromatography/tandem mass spectrometry. This simple technique employs the 
rapid imidazole-zinc reverse stain, in-gel S-pyridylethylation and proteolytic digestion 
of microcrushed polyacrylamide gel pieces with proteases. This technique obviates the 
need for buffer exchange or gel lyophilisation due to all of the sample manipulation 
steps being carried out at near neutral pH and thus lends itself readily to automation. 

Keywords: Reversible negative staining / Mass spectrometry I Capillary column chromatography 
EL 3410 

In 1996, Grimm and Eckerskorn [ l ]  reported a protocol 
for the digestion of Coomassie blue visualized proteins in 
acrylamide gel bands previously crushed to yield micro- 
particles of 32 pm [2]. By reducing the gel particle size, 
the diffusion processes (both of protease into the gel, and 
of proteins and generated peptides from the gel) was fa- 
cilitated. Nevertheless, due to fixation during the gel stain- 
ing process that may provoke protein precipitation, in-gel 
proteolysis generally requires prolonged digestion times 
(18-24 h) and several extraction steps for optimal peptide 
recovery. Previously, we have shown that proteins detect- 
ed with highly sensitive imidazole-zinc reverse staining 
(5-1 0 ng/band) [3], under fully reversible fixative condi- 
tions, can be rapidly (2 x 10 min) eluted from 32 pm acryl- 
amide gel microparticles with yields in the range of 90- 
98% [4, 51. In this report, we describe the further improve- 
ment of the protocol for in-gel microdigestion of reverse- 
stained proteins isolated by polyacrylamide (PA) gel elec- 
trophoresis, and its application to proteomics, as exempli- 
fied by the rapid identification of PA gel separated pro- 
teins by capillary column liquid chromatography/tandem 
ion-trap mass spectrometry (LC-MS/MS). 

A detailed procedure for the in-gel microdigestion of re- 
verse-stained proteins, outlined schematically in Fig. 1, is 
as follows. 

Correspondence: Dr. Richard J. Simpson, Institute for Cancer 
Research, P.O. Box 2008, Royal Melbourne Hospital, Parkville. 
Victoria, Australia 3050 
E-mail: richard.simpson@ludwig.edu.au 
Fax: +61-3-9341-3192 

Abbreviation: PA, polyacrylamide 

Step 1, electrophoresis: Proteins are loaded onto a PA 
gel in Laemmli sample buffer [6] either without reducing 
agent or fully reduced and alkylated in urea solution prior 
to loading. Alternately, proteins can be S-pyridylethylated 
with 4-vinylpyridine in situ in the PA gel following electro- 
phoresis [7]. It is well recognized that incomplete S-S re- 
duction/alkylation can lead to in-gel reaggregation of pro- 
teins, which can affect the efficiency of proteolytic 
digestion. Thus, special care should be taken during this 
step to assure full derivatization of cysteine residues. 

Step 2, detection of proteins: Proteins are detected by 
imidazole-zinc staining. After SDS-PAGE, rinse the gel in 
distilled or polished water for 30 s and then incubate in 
0.2 M imidazole, 0.1% SDS for 15 min. Once completed, 
discard the solution and incubate the gel in 0.2 M zinc sul- 
phate until the gel background becomes a deep white 
consistency (- 30 s), leaving the protein bands transpar- 
ent and colourless. Stop staining by rinsing the gel with 
abundant distilled water. Care should be taken not to 
overstain the gel. This process can be monitored during 
development by placing the gel over a black surface as 
described [3-51. 

Step 3, PA gel conditioning: Immediately after electro- 
phoresis, the bands of interest are excised using a clean 
scalpel blade and incubated for 2 x 8 min in 1 mL 50 mM 
Tris buffer, 0.3 M glycine, pH 8.3, containing 30% acetoni- 
trile. The gel pieces are then washed briefly (2 x 1 min) 
with 1 mL of digestion buffer (see below). Using radioiodi- 
nated total lysate proteins from Escherichia coli separated 
on a 12.5% PA gel, losses from the gel during this step 
were determined to be only 0.5-1 Yo. 

From Genome to Proteome: Advances in the Practice and Application of Proteomics 
Edited by Michael J Dunn 

copyrigh 0 WILEY-VCH Verlag GmbH, 2000 
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Figure 1. Summary of reverse staininglin-gel proteolysis/peptide mapping procedure. 

Step 4, gel crushing/digestion: The gel band(s) are 
crushed by forcing them through a 1 mL syringe 
equipped with metal sieves of 100 and 32 pm mesh 
(Cat. No. FGElOOO290 and FGE0320250, respectively, 
from F. Carl Schroeter, Hamburg, Germany: see [ l ,  2, 
5]), to yield 32 pm gel particles, and collected into a 
1.5 mL polypropylene tube. To flush out any remain- 
ing gel particles from the sieves, 30-60 pL of diges- 
tion buffer (see below) containing 0.3-0.5 pg of 
protease was added to the crushing syringe and col- 
lected into the same 1.5 mL tube. The volume of sol- 
ution should be sufficient to cover the gel slurry. The 
mixture is then vortexed for 10 min and incubated at 
37OC for 4-5 h. During the incubation step, care 
should be taken to ensure that the digestion solution 
fully covers the gel slurry; if necessary, additional buf- 
fer should be added. Recommended digestion buffers: 
trypsin, 50 mM NH4HC03; GIu-C endoproteinase, 
25 mM NH4HC03, pH 7.8: Asp-N endoproteinase, 
50 mM Na-phosphate, pH 8.0; Lys-C endoproteinase. 
50 mM Tris-HCI, pH 9.0. 

Step 5, recovery of peptides (elution volumes at each 
step are approximately twice the volume of crushed gel): 
The geVdigestion mixture is centrifuged (- 5 s) and the 
overlaying solution collected and placed in a polypropy- 
lene tube (Eppendorf). Additional digestion buffer (- two- 
fold the crushed gel volume) is added and the gel mixture 

vortexed for 10 min, then centrifuged. The overlaying sol- 
ution is collected and combined with the first extract. 
Then, a crushed gel volume of 50% acetonitrile, 0.1% 
TFA is added and vortexed for 10 min. The solution is col- 
lected and combined with the other extracts. If highly hy- 
drophobic peptides are suspected to be present, the sec- 
ond extraction reagent (50 % acetonitrile) is replaced with 
an aqueous solution containing 20% formic acid, 15% iso- 
propanol, 25% acetonitrile and extract for 10 min. Finally, 
80% acetonitrile is added and vortexed vigorously for 
2 min: then the solution is centrifuged and collected and 
the extracts are combined and concentrated by centrifu- 
gal evaporation. 

Table 1 shows the recovery of tryptic peptides of radioio- 
dinated bovine serum albumin (BSA) under different ex- 
traction conditions. The suspension formed by the gel mi- 
croparticles and the solution behaves as a two-phase 
liquid-liquid extraction system. Since peptide diffusion is 
not a limiting factor, the relative volume of the phases as 
well as the number of extraction steps is more significant 
than the extraction time. Very high recoveries are ob- 
tained after a short incubation either in the digestion buf- 
fer or in aqueous-organic solutions. The use of 80-100% 
acetonitrile is not recommended during the early steps of 
elution, since it causes the gel particles to dehydrate and 
collapse, probably trapping some peptides inside. Never- 
theless, after completion of the elution step, an additional 
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Table 1. Recovery of radioiodinated S-carboxamidomethyl-BSA digestion peptides from 
acrylamide gel microparticles 

First 
eluant 

Digestion buffer 
Digestion buffer 
ACN 15%, O.l%TFA 
ACN 30%, 0.1% TFA 
ACN 45%, 0.1% TFA 
ACN 60%, 0.1 % TFA 
ACN 50%, 0.1% TFA 
ACN loo%, 0.1% TFA 

Time 
(min) 

1 x 1 0  
2 x 5  
2 x 5  
2 x 5  
2 x 5  
2 x 5  
1 x 1 0  
2 x 5  

Second 
eluant 

Water 
Water 
Water 
Water 
Water 
Water 

Water 
FAPW~) 

Time 
(min) 

1 x 1  
1 X l  
1 X l  

1 X l  
1 X l  

1 X l  

1 x 1 0  
1 x 5  

Elution yielda' 
("4 
85 (1.2) 
96 (0.8) 
89 (1.3) 
92 (1.0) 
92 (0.8) 
96 (1.1) 
98 (0.7) 
84 (2.4) 

a) Radioiodinated S-carboxamidomethyl-BSA (3 pg per band, about 50 pmol) was loaded 
on a 12.5% SDS-PA gel. After detection by reverse staining, the bands were digested 
for 4 h according to the present procedure. Each row corresponds to an independent 
experiment and shows the elution yields under the extraction conditions described. Val- 
ues correspond to the average from triplicate experiments (the deviation is shown in 
parentheses). 

b) FAPW: 20% formic acid, 25% acetonitrile, 15% isopropanol, 40 O h  water. 

incubation of the gel particles in 80-90% acetonitrile may 
be useful for recovering any solution remaining inside the 
gel particles. The efficiency of this procedure has also 
been confirmed by a careful study of sequence coverage 
obtained by MALDI-TOF-MS analysis of PA-separated 
model proteins. For example, using the above described 
reverse staining and in-gel digestion protocols, 98% se- 
quence coverage was obtained for tryptic peptides from 
streptokinase (47 kDa, 0.5 pg loaded on gel), and 91% for 
Kdeglycosylated erythropoietin (1 8.3 kDa, 3 pg loaded 
on gel; L. J. Gonzalez and J. P. Le Caer, personal com- 
munication). Representative peptide maps for the 47 kDa 
protein streptokinase, after 4 h digestion with four pro- 
teases (endoproteinase GIu-C, trypsin, endoproteinase 
Lys-C, endoproteinase Asp-N; Fig. 2). A remarkable simi- 
larity between in-gel and in-solution proteolysis is shown 
for the GIu-C peptide maps (Fig. 2A and 9). In contrast to 
staining with Coomassie blue, the analysis of a gel blank 
from the reverse staining procedure shows no artifact 
peaks (see Fig. 2F). 

The following procedure was applied for the RP-HPLC 
separation of peptides recovered from in-gel digestion of 
Znll reverse-stained visualized proteins (Step 6, Fig. 1). 
The combined peptide extracts (see above) were adjust- 
ed to pH 2.0 by the addition of 0.1% aqueous TFA (moni- 
tored by spotting - 0.1 pL of the extract onto pH paper) 
and centrifuged briefly (1-5 s). For conventional narrow 
bore (c 2.1 mm ID) chromatography, an in-line filter 
(2 pm) was placed between the injector and the column. 
For microcolumn (c 0.3 mm ID) chromatography, a stand- 
ard Hewlett-Packard (Avondale, PA, USA) HPLC was 
modified (Fig. 3), as described elsewhere [7], to achieve 

the low flow rates (- 1.5 pUmin) required for capillary col- 
umn Chromatography. Note that for the microcolumn 
HPLC configuration, an in-line filter between the injector 
and the column was not used and, therefore, care should 
be taken when filling sample-loading syringes to avoid mi- 
crogel particles. 

For the MS analysis of peptides by electrospray (ESI) tan- 
dem mass spectrometry, a Finnigan-MAT LCQ ESI ion- 
trap mass spectrometer (San Jose, CA, USA) was em- 
ployed as described elsewhere [a]. Briefly, peptides ob- 
tained from combined in-gel digest extracts were intro- 
duced into the ESI ion trap using a 0.2 mm ID column 
packed in-house [6] with 5 pm particle diameter, 300 A 
pore size, C8 packing (Brownlee RP-300) and operated 
at 1.6 pUmin. The standard Finnigan-ESI source was 
used with a sheath flow of 2-methoxyethanol introduced 
at 3 pUmin, with a sheath bath gas of nitrogen set at 30 
(arbitrary unit). The ESI needle was set at +4.5 kV and 
the heated capillary was set at 15OoC. Spectra were re- 
corded in centroid mode with three microscans summed 
per scan. The spectrometer was operated in automatic 
gain-control mode with the trapping limits set at 2 x lo8 
and 8 X lo7 for MS and MUMS collision-activated in- 
duced dissociation (CID), respectively, with a maximum 
injection time set at 200 ms for both scan modes. CID ex- 
periments were performed as a "triple-play'' by selection 
of the most intense ion observed during MS with a 3 amu 
isolation window, performing a Zoom-scan to determine 
the charge state, and then performing dissociation using 
arbitrary 55% relative collision energy. For the detection 
of S-pyridylethylated peptides, in-source-CID was per- 
formed by setting the source voltage to 70% resonance 
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by capillary RP-HPLC that was directly coupled to an ESI- 
IT mass spectrometer. The total ion current for MS mode 
and MS/MS modes obtained from 50% (- 5 fmol) of the 
total digest are shown in Figs. 4A and 38, respectively. A 
representative CID spectrum of a doubly-charged m/z 
1105.79 tryptic peptide (T4, calculated mass 2210.6 Da) 
is shown in Fig. 4C. The search routine SEQUEST 191 
correctly identified peptide T4 from the OWL protein data- 
base as a tryptic fragment of IL-6, comprising residues 
160-177 (Leu-Gln-Ala-Gln-Asn-Gln-Trp-Leu-Gln-Asp- 
Met-Thr-Thr-His-Leu-He-Leu-Arg; Fig. 4D). By these 
means an additional four peptides (T1 , 2, 3. and T5) were 
readily ascribed to IL-6 (data not shown). By performing a 
full MS/MS search by SEQUEST, a total of eight peptides 
were identified as IL-6 tryptic peptides, where seven pep- 
tides were ranked highest and given a score of 10 and 
one ranked fourth and given a score of 4. A total score of 
74 was ascribed by SEQUEST-SUMMARY [lo], identify- 
ing IL-6 as the major component of the digest analyzed. A 
salient feature of the total ion current profile (MS mode) 
shown in Fig. 4A was the lack of PA gel-related artifact 
peaks normally seen at these levels with Coomassie blue 

0 25 5 0  75 

Retention time (min) 

Figure 2. Microcrushed in-gel solution digestion map of 
streptokinase. Chromatographic conditions: column, Vy- 
dac C18, 150 x 2.1 mm ID, flow rate 200 pUmin, detec- 
tion at 206 nm; buffer A, 0.1% TFA v/v/water; buffer B, 
0.1% v/v/60% v/v CH3CN; gradient, 0-100% B in 60 min. 
(A) In-solution-derived peptide map of 47 kDa streptoki- 
nase (50 pmol). Protease: Glu C; digestion time: 4 h. 
(8) In-gel digestion (same conditions as in panel A). 
(C) In-gel-derived peptide map of strepokinase (50 pmol). 
Protease: trypsin; digestion time, 4 h. (D) In-gel-derived 
peptide map of strepokinase (20 pmol). Protease: Lys C; 
digestion time: 4 h. (E) In-gel-derived peptide map of stre- 
pokinase (20 pmol). Protease: Asp N; digestion time: 4 h. 
(F) Control map (blank) derived by Lys C digestion of a 
nonprotein-containing gel band. 

excitation and setting the MS scan to a limited scan range 
of 104.5-107.5 to detect the characteristic labile 106 Da 
S-pyridylethyl moiety [7]. 

Figure 4 shows a typical high-sensitivity ion-trap capillary 
LC-MS/MS analysis of a PA gel-separated protein, using 
recombinant interleukin-6 (IL-6) as an example. IL-6 (250 
ng) was electrophoresed on 4-20% precast PA gel (No- 
vex, San Diego, CA, USA) and, following visualization by 
imidazole-zinc reverse staining, subjected to in-gel diges- 
tion with trypsin. The resultant peptides were fractionated 

visualization protocols. 

Finally, the advantages of this protocol in comparison to 
the established methods for Coomassie blue-detected 
proteins are: (i) The PA gel pH is kept relatively constant 
during all manipulations from electrophoresis to digestion, 
thus avoiding drastic changes in pH that could initiate pro- 
tein precipitation. (ii) There are insignificant artifact peaks 
from the reverse-staining procedure with the sensitivity of 
protein detection at 5-10 ng/band [3]. Note that we do not 
recommend this staining method to be used for quantita- 
tive measurements due to the limited dynamic range, and 
attempts to modify the reverse-staining procedure to ena- 
ble better quantitation and stability of the stain for long- 
term storage by drying have required extra steps and the 
introduction of an acid ‘Yoning” step with the use of carci- 
nogenic agents [ l l ] .  To avoid this, gels should not be 
dried, but can easily be stored wet. (iii) A significantly 
shorter working time is necessary. For instance, starting 
with a precast PA mini-gel, it is possible to accomplish 
separation, detection, digestion, extraction and analysis 
in one working day. The shorter digestion times have the 
additional advantage of reducing nonspecific cleavage 
and protease autoproteolysis, while increasing the 
chance of obtaining longer peptides that facilitate separa- 
tion and analysis. (iv) The procedure is simpler compared 
to established positive staining methods, where the 
possibility of protein modification is diminished. It has 
been shown that during standard Coomassie blue or 
silver staining procedures, protein modification can still 
occur, which severely affects the overall sequence cover- 
age and determination of gel-resolved proteins [12, 131. 
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Figure 3. Construction of microcolumn HPLC for LC-MS/MS. 
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Figure 4. Microcrushed in-gel digestion map of recombinant human interleukin-6. Sample: 0.25 pg recombinant IL-6 load- 
ed onto PA gel. Gel electrophoresis: Novex 420% Pre-cast; gel stain: imidazole-zinc reverse stain. Sample injection onto 
RP-HPLC: 20 pU40 pL (50% of total sample digest); column : Brownlee RP-300, 50 mm x 0.2 mm ID; solvent A: 0.1% 
aqueous TFA; solvent B: 0.1% aqueous TFAJ60% acetonitrile; flow rate : 1.4 pUmin, sheath liquid : 2-methoxyethanol, 
3 pUmin. (A) Total ion current (TIC) spectrum of a tryptic digest of IL-6. (6) MS/MS TIC spectrum from (A). (C) MS/MS 
spectrum of tryptic peptide T4 from (A). (D) SEQUEST output of ranked identified match results. 
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(v) This protocol is compatible with rapid identification of 

proteins by high-sensitivity capillary column RP-HPLC/ 
on-line ion trap M S  [El, or direct analysis by MALDI-TOF- 
MS [14]. 
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Studies of quantitative analysis of protein 
expression in Saccharomyces cerewisiae 

In the present study amino acid analysis is applied to quantitation of Saccharomyces 
cerevisiae proteome expression. The quantitation levels obtained are compared to 
data using densitometric analysis of silver or amido black staining and to the theoretical 
expression level (codon bias) of the identified proteins determined from their amino 
acid analysis (AAA). The results show that relative volume ratio (%vol) using Melanie I1 
is a better parameter for spot quantitation than relative optical density ratio (%OD), and 
amino black staining provides good linearity within the range 1-100 pmol protein. How- 
ever, M A  shows that theoretical expression levels are not well correlated with actual 
protein expression level, although there is better correlation when isoforms of the ex- 
pressed protein are identified and included. It is concluded that amino acid analysis 
provides accurate protein quantitation and has a continuing role in proteome studies in 
terms of the rapid and inexpensive quantitation of proteins displayed on proteome 
maps. We do however recognize that in the context of future clinical applications and 
large-scale proteome discovery projects, quantitation and post-translational modifica- 
tion need to be analyzed by 'proteomatic' (i.e.. proteome automatic bioinformatic analy- 
sis directly from the gel) techniques. 

Keywords: Two-dimensional polyacrylamide gel electrophoresis / Protein expression / Quantita- 
tion / Amino acid analysis / Proteome / Yeast / Codon bias EL 3372 

Identification of proteins displayed on proteome maps is a 
key element of proteomics and in early proteome studies 
amino acid analysis (AAA) proved to be a useful means 
to this end [l-31. More recently peptide mass finger- 
printing using matrix-assisted laser desorption/ionisation 
- time-of-flight (MALDI-TOF) mass spectrometry has 
emerged as the premier protein identification tool [ M I .  
We demonstrate that AAA still has an important role to 
play in terms of quantitation of the expressed proteins, 
which is likely to assume increasing importance. For 
example, clinical applications of proteomics will involve 
the identification of protein markers for the diagnosis, 
treatment and management of cancer and other diseas- 
es. In such applications quantitation of the marker protein 
expression level is critical. It may provide insight into the 
developmental stage and pathogenesis of the disease. 
Quantitation of key protein molecules of various biological 
development stages is also important in gaining an under- 
standing of the development of cellular differentiation. 
Formerly, analysis of mRNA levels has been used as an 
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indirect means to quantify levels of protein expression. 
However, studies have shown that there is little correla- 
tion between mRNA and protein abundance in well-char- 
acterized biological systems (71. This indicates that pro- 
tein levels in the cell are influenced considerably by post- 
translational events. In this work we have used Saccharo- 
myces cerevesiae as a model system to investigate quan- 
titative aspects of proteome expression. 

The preparation of S. cerevesiae (strain X2180-1A) pro- 
teins by two-dimensional polyacrylamide gel electro- 
phoresis (2-D PAGE) and blotting onto polyvinylidene di- 
fluoride (PVDF) were performed as described previously 
[8, 91. After blotting and staining with amido black, 54 pro- 
tein spots (Fig. 1) were selected and quantified by densi- 
tometry. The spots were then excised and subjected to 
Fmoc (9-fluorenylmethoxy carbonyl) AAA to give the ami- 
no acid composition and absolute quantitation [ l ,  101. 
Protein spots corresponding to those from the blot were 
also quantified by densitometry using an identical silver- 
stained master gel image obtained from the SWISS- 
2DPAGE database [El. Proteins analyzed by densitome- 
try were quantified as both relative volume ratios (%vol) 
where vol = &,y /(x,y), %vol = (vol/Zns=, vol,) x 100, 
or relative optical density ratio (%OD), where OD = 

MAX,,, spot /(x,y), %OD = (OD/Z",=, OD,) x 100 using 
Melanie I1 computing program (Bio-Rad, Richmond, CA 
USA). From amino acid composition analysis 31 of the 54 
proteins were identified using AACompldent on the ExPA- 
Sy Molecular Biology Server (http://www.expasy.ch/ch2d/ 
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Figure 1. Images of yeast proteins 
separated by 2-0 PAGE. (a) Image 
of a silver-stained SWISS-2DPAGE 
map (http://www.expasy.ch/ch2d/ 
publi-yeast.html). (b) image of the 
amido black-stained blot with label- 
ing of the 54 spots which were tak- 
en for amino acid analysis in this 
study. 
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Table 1. Yeast proteins identified in this study using AACompldent together with their codon bias values obtained from the 
Yeast Protein Database (Proteome Inc.). Spot numbers correspond to those labeled in Fig. 1 b. 

spot Estimated Protein identity SWISS-PROT Protein Codon 
Number pllM, identifier quantity bias 

(Pmol) 

3 4.7611 0302 
4 4.811 0791 
7 4.8411 1797 
8 4.7311 1839 
10 5.71112401 
11 5.8611 3606 
12 5.8211 4207 
16 4.98122865 
22 5.04122933 
21 5.33123956 
23 5.64123000 
24 6.01123117 
31 5.75136878 
32 5,87136878 
33 5.99137187 
34 6.6114591 1 
35 6.5514591 1 
36 6.51461 74 
37 6.3714591 1 
38 6.69140856 
39 6.6141 027 
41 6.45141 11 3 
40 6.73132759 
42 6.46139677 
44 6.4141113 
45 6.05159064 
46 5.01143786 
47 6,27144795 
48 6,17144795 
49 6144693 
50 5,87144795 

Thioredoxin I 
Heat shock protein of 12 kD 
Heat shock protein of 12 kD 
Heat shock protein of 12 kD 
Profilin 
Copper-zinc superoxide dismutase 
Copper-zinc superoxide dismutase 
Protein with similarity to YCP4P 
Protein with similarity to YCP4P 
Heat shock protein 26 kD 
Triosephosphate isomerase 
Triosephosphate isomerase 
Fructose-bisphosphate aldolase II 
Fructose-bisphosphate aldolase I1 
Fructose-bisphophate aldolase II 
Enolase 1 (2-phosphoglycerate dehydratase) 
Enolase 1 (2-phosphoglycerate dehydratase) 
Enolase 1 (2-phosphoglycerate dehydratase) 
Enolase 1 (2-phosphoglycerate dehydratase) 
Alcohol dehydrogenase I 
Alcohol dehydrogenase I 
Alcohol dehydrogenase I 
Glyceraldehyde-3-phosphate dehydrogenase 3 
Alcohol dehydrogenase 111, mitochondrial 
Alcohol dehydrogenase 111, mitochondrial 
GTPase-activating protein 
S-adenosylmethionine synthetase 2 
Enolase 2 (Bphosphoglycerate dehydratase) 
Enolase 2 (2-phosphoglycerate dehydratase) 
Enolase 2 (2-phosphoglycerate dehydratase) 
Enolase 2 (2-phosphoglycerate dehydratase) 

TRX2 22.8 
HSP12 25.1 
HSP12 126.4 
HSP12 33.2 
PFY1 12.6 
SODl 39.1 
SODl 21.2 
YBR052C 18.6 
YBR052C 12.0 
HSP26 36.1 
TPll 30.2 
TPll 32.0 
FBAl 10.8 
FBAl 23.9 
FBAl 29.8 
ENOl 24.7 
ENOl 5.9 
ENOl 13.1 
ENOl 2.8 
ADHl 25.1 
ADHl 62.6 
ADHl 27.1 
TDH3 90.3 
ADHB 3.2 
ADHB 6.6 
GYP6 3.3 
SAM2 9.1 
EN02 17.8 
EN02 48.3 
EN02 32.0 
EN02 27.9 

0.657 
0.800 
0.800 
0.800 
0.618 
0.555 
0.555 
0.105 
0.105 
0.434 
0.900 
0.900 
0.935 
0.935 
0.935 
0.930 
0.930 
0.930 
0.930 
0.913 
0.913 
0.913 
0.988 
0.397 
0.397 
0.147 
0.641 
0.96 
0.960 
0.960 
0.960 

aacompi.html) [ l ]  and these represented products of 15 
separate genes (Table 1). 

Gene expression levels are correlated strongly with co- 
don bias [ l  11; therefore the codon bias of S. cerevesiae 
obtained from the Yeast Proteome Database (Proteome 
Inc.; http:llwww.proteome.comNPDhome.html) has been 
used as an indicator for theoretical protein expression lev- 
els. Clearly, if the codon bias for the identified proteins is 
compared with the actual amount of protein determined 
by AAA, the correlation coefficient obtained is very low 
because the calculation does not include the isoforms of 
the different proteins. However, by adding together the 
quantities for identified isoforms of the proteins, a correla- 
tion of 0.59 was obtained (see Fig. 2), which is higher 
than that previously published [7]. However, the generally 
low correlation between protein amount and theoretical 

"[pmol  v s  codon bles 
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Figure 2. Regression analysis of codon bias versus total 
protein measured by amino acid analysis for the fifteen 
yeast gene products identified in this study. The amount 
of each product (pmol) is the sum of all the identified iso- 
forms of the protein as shown in Table 1. The correlation 
coefficient is 0.59. 
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Figure 3. Regression analyses of 54 protein spots to show the correlation between Melanie I1 computing program quanti- 
tation values vs. actual protein amount determined by amino acid analysis for two staining methods. Comparing (a) with 
(b), and (c) with (d), shows that a better correlation is obtained using %vol measurement rather than %OD. Comparing (a) 
with (c). and (b) with (d), shows that the intensitv of amido black staining is more linearly related to protein amount than sil- . .  . .  . .  
ver staining within this protein range. 

mRNA level indicates that codon bias does not accurately 
reflect the amount of protein in the cell. The improvement 
in the correlation obtained by summing the isoforms of 
the proteins indicates that part of the inaccuracy involved 
in assessing protein expression from codon bias must be 
due to post-translational modification of the expressed 
proteins. In this study only those isoforms which were 
positively identified were included in the calculation of 
protein amounts and it is certain that other isoforms were 
present, but not identified. If these were included these 
would undoubtedly improve the correlation further. In ad- 
dition, it must be appreciated that there can be real and 
apparent protein losses during the 2-D process, due, for 
example, to poor solubilization, staining and transfer, and 
this will vary from protein to protein. If these processes 
were optimal the protein amount to codon bias ratio would 
also improve. 

Quantitation by AAA was also used to determine the cor- 
relation between the absolute amount of protein on the 
gel with the quantities determined by densitometry using 
the %OD and %vol methods of Melanie II. Comparison of 

total protein with %OD gave a correlation of only 0.25 for 
silver-stained and 0.67 for amido black-stained proteins 
for the 54 protein spots. Comparison of total protein with 
%vol gave a correlation of 0.41 for silver-stained proteins 
and 0.79 for amido black-stained proteins. Generally, the 
%OD or %vol is used to determine the protein amount 
from densitometry [12], but these data show that %vol is 
more closely correlated with the actual protein amount 
than %OD. We presume that the total intensity of the spot 
represents the real protein amount better than the maxi- 
mum intensity of the spot in this particular protein range. 
However, within different ranges, proteins can bind to the 
dye in a nonlinear fashion, so that the optical density of a 
protein spot may present a better parameter or the combi- 
nation of both %OD and %vol may give more accurate 
quantitative data. 

The data also show that amido black staining more accur- 
ately corresponds to the amount of protein present than 
does silver staining. This may reflect that the AAA was 
performed on protein spots obtained from amido black- 
stained blot membranes and therefore the quantitation re- 
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lates to the amount of protein present on the blot rather 
than in the gel. It is well known that Western blotting can 
be, and often is, nonquantitative and selective. Using the 
same dye (i.e., amido black or Coomassie blue) for both 
gel and blot staining and analyzing the correlation be- 
tween AAA data and gel or blot spot intensity would give 
us a clearer evaluation of the effect of the protein transfer 
on spot quantitation. The data could then be corrected for 
the transfer error. Amido black staining is less sensitive 
than silver staining, but gives good linearity in the range 
1-100 pmol. These data show that a combination of den- 
sitometty using amido black staining and %vol quantita- 
tion is a suitable substitute for quantitation by AAA for 
high abundance proteins. Such an approach has the ad- 
vantage of speed and simplicity and the proteins are ana- 
lyzed directly from the gel or blot. For low abundance pro- 
teins, however, silver or high sensitivity Coomasssie blue 
staining remain the major method for quantitation. 

It is concluded that AAA provides accurate protein quanti- 
tation and has an important continuing role in proteome 
studies in terms of the rapid and inexpensive quantitation 
of proteins displayed on proteome maps. We do however 
recognize that in the context of future clinical applications 
and large-scale proteome discovery projects, quantitation 
and post-translational modifications need to be analyzed 
by ‘proteomatic’ (i.e., proteome automatic bioinformatic 
analysis directly from the gel) techniques. Therefore, we 
propose using AAA initially to extend SWISS9DPAGE to 
include abundance data on non-post-translationally modi- 
fied proteins as a first step towards developing a proteo- 
matic approach to protein quantitation. 
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High sensitivity mass spectrometric methods 
for obtaining intact molecular weights from gel- 
separated proteins 

The molecular weight measurement of intact Escherichia coli proteins separated by 
isoelectric focusing-immobilized pH gradient (IEF-IPG) gels and analyzed by mass 
spectrometry is presented. Two methods are discussed: (i) electrospray ionization 
(ESI) mass spectrometry (MS) of extracted proteins, and (ii) matrix-assisted laser 
desorption/ionization (MALD1)-MS analysis directly from IEF-IPG gels. Both ESI and 
MALDI methods yield sub-picomole sensitivity and good mass measurement accuracy. 
The use of an array detector for ESI-MS was essential to discriminate against contami- 
nating background ions and to selectively detect high mass protein ions. MALDI-MS 
offers high-throughput analysis of one- and potentially two-dimensional (2-D) gels. The 
'Virtual 2 - D  gel method with first-dimensional IEF separation and the second dimen- 
sion as molecular mass determination by MS, is a particularly promising method for 
protein analysis due to its ultra high sensitivity and correspondence to classical 2-D 
gels. Further sensitivity enhancements for the MALDI-MS method are provided by post 
acceleration detection optimized for high mass time-of-flight analysis. 

Keywords: Escherichia coli proteins I Mass spectrometry EL 3391 

1 Introduction 

Applying mass spectrometry (MS) to the identification of 
proteins separated by one- and two-dimensional poly- 
acrylamide gel electrophoresis (PAGE) has accelerated 
proteome analysis. Protein expression patterns from or- 
ganisms, cells, and tissues are currently analyzed by 2-D 
gel electrophoresis, in sifu proteolysis from excised pro- 
tein spots, and protein identification by mass spectromet- 
ric analysis. The accurate mass measurement of the pro- 
teolysis fragments (peptide mapping), often augmented 
by further sequence analysis via tandem mass spectrom- 
etry (MS/MS) experiments, is correlated to protein se- 
quence databases for identification. Such searching 
routines applying the peptide mapping and/or MS/MS 
sequencing results offer reliable protein identification 
[l-31. However, the sequence coverage from the enzy- 
matic digestion/MS analysis is often low, making it difficult 
to assess possible sequencing errors. Moreover, post- 
translational modifications are difficult to assess by this 
procedure. Mass measurement of the intact protein at the 
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Abbreviation: PATRIC. position and time-resolved ion counting 

accuracy of SDS gel electrophoresis is frequently too low 
(- looh) to be useful for such analysis, and can be com- 
promised further if proteins migrate anomalously (e.g., er- 
rors to 30% for small, unmodified proteins [4]). Modern 
MS methods with f 0.1% or better accuracy would clearly 
be useful. 

Several methods for MS measurement of intact proteins 
separated by PAGE have been presented. Methods using 
solvent extraction (passive elution) [5-71, while simple, 
are experimentally challenging when high recovery and 
high sensitivity are sought from protein loadings below 
one microgram. Both electrospray ionization (ESI) [8] and 
matrix-assisted laser desorptionlionization (MALDI) [9] 
can be used in large protein mass analysis. In most cas- 
es, sensitivities for the extraction/MS method are in the 
10-100 pmol range (loaded on the gel), although the re- 
cent reports by Cohen and Chait [10,11] demonstrated 
sensitivities to 1 pmol for MALDI-MS analyses. Electroe- 
lution is employed widely in solution-phase analysis of 
gel-isolated proteins [5, 12-15]. Recently Naylor and co- 
workers [16] devised an apparatus to electroelute and 
preconcentrate proteins for MALDI-MS to the 1 pmol lev- 
el. Electroblotting to membranes is commonly used for 
N- and C-terminal sequencing, amino acid analysis, and 
Western blotting. The direct analysis of electroblotted 
membranes by MALDI-MS has also shown promise. The 
best sensitivity in the direct analysis of an electroblotted 
membrane has been demonstrated by Hillenkamp's labo- 
ratory [17-201, especially with an infrared (IR) laser rather 
than the ultraviolet radiation [21-241 more commonly em- 
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ployed for MALDI. Little loss in electrophoretic resolution 
is apparent, despite addition of MALDI matrix solution to 
the wet membrane [20], and the method has been applied 
to many 2-D isolated proteins at f 0.5% mass accuracy 
[25]. In general, sensitivities for ESI-MS analysis of gel- 
isolated proteins lag behind those of MALDI-MS; e.g., 
passive elution protocols yielded successful analysis for 
ca. 0.5 pg of myoglobin extracted from SDS gels [ l l ] ,  
while a minimum of 5 vg was required to yield good ESI- 
MS signals from IPG gels [7]. 

We have investigated two methods to analyze proteins 
separated by 1 -D gel electrophoresis. Several proteins 
have been identified from a 25 pg total loading of .€. coli 
cell extract, separated by isoelectric focusing (IEF) PAGE 
in the presence of urea, detergents, and carrier ampho- 
lytes, and extracted for ESI-MS measurements. Our goal 
in these studies was to perform isoelectric focusing by in- 
cluding additives favored for separation of complex mix- 
tures, despite potential deleterious effects on the MS. In 
several examples, a mass accuracy of f 0.05% or better 
has been achieved using ESI-MS for proteins up to 
60 kDa. A focal plane array detector on the mass spec- 
trometer allows for sensitive detection in addition to capa- 
bilities to discriminate against background ions from ex- 
traneous buffers and detergents, allowing us to attempt 
analyses with minimal clean-up steps. Traditionally, ultra- 
filtration or reversed-phase HPLC follow extraction for 
ESI-MS. We wished to explore an approach in which the 
mass spectrometer discriminated against additives, an 
approach that could be useful for hydrophobic proteins 
poorly recovered from ultrafiltration membranes or re- 
versed-phase packing, and when additives not easily 
HPLC-separated from proteins are employed. These ESI- 
MS results will be compared to results from the direct 
analysis of an IEF gel (10 pg total protein loading) by ma- 
trix-assisted laser desorption/ionization MS. Our laborato- 
ry has previously presented results from the direct de- 
sorption/ionization of proteins on 1-D gels in either the 
native, SDS, or the IEF format [26-281. We extend these 
results with our preliminary analysis of E. colicell extracts 
by MALDI-MS. 

2 Materials and methods 

2.1 lsoelectric focusing gel electrophoresis 
Proteins from cell extracts from E. coli (K-12 type strain 
W3110) were separated in the IEF dimension using 
18 cm length pH 4-7 linear immobilized pH gradient (IPG; 
Pharmacia, Uppsala, Sweden) gels (pl spanning pH 4- 
6.6; B. Bjellqvist, personal communication). Samples 
were loaded by rehydration in 9 M urea / 0.5% Triton X- 
100 / 2% Pharmalyte 3-10 / 1% w/v D l T  or, alternatively, 
7 M urea / 2 M thiourea / 0.6% Pharmalyte 3-10 I0.870 

CHAPS / 1 % Triton X-100 / 1 O h  w/v DTT. Gels were prefo- 
cused at 500 V for 3 h, ramped to 3500 over 5 h, and fo- 
cused at 3500 V for 12.5-18 h at 2OoC on a Multiphor II 
electrophoresis unit (Pharmacia). 

2.2 ESI-MS 

ESI-MS was performed with a double focusing hybrid 
mass spectrometer (EBqQ geometry, Finnigan MAT 
900Q Bremen, Germany) with a mass-to-charge (d.) 
range of 10 000 at 5 kV full acceleration potential [29]. A 
position and time-resolved ion counting (PATRIC) scan- 
ning focal plane detector with an 8% m/z range of the m/z 
centered on the array detector was used [30, 311. The 
ESI-MS experiments utilized a heated metal capillary inlet 
with a low flow micro-ESI source [32]. Control of the ana- 
lyte flow rate from 50-200 nUmin was accomplished by 
pneumatic pressure. No countercurrent gas flow is neces- 
sary for desolvation. Gas phase collisions, controlled by 
adjustment of the voltage difference between the tube 
lens at the metallized exit of the glass capillary and the 
first skimmer element (AVTs), were also used to augment 
the desolvation of the ESI-produced droplets and ions. A 
silver-stained duplicate IPG-IEF gel was run and used as 
a reference to locate protein bands of interest. Single 
bands from one unstained gel were cut with a sharp 
razor in 1-2 mm wide pieces and placed into a 400 pL vol- 
ume polypropylene centrifuge tube. The gel slices were 
washed 2-3 times with 50 pL ice-cold distilled water. Af- 
terwards, 25-50 pL of 70:30 v/v acetonitri1e:water was 
added to the gel slice and sonicated for approximately 
30 min [7]. Prior to ESI-MS measurements, acetic acid to 
a final volume of 5% v/v was added to the acetonitrile/wa- 
ter protein extract solution to aid ionization. 

2.3 MALDI-MS 

MALDI-MS experiments were performed with convention- 
al UV laser irradiation (337 nm nitrogen laser) and de- 
layed ion extraction. The TofSpec-2E time-of-flight (TOF) 
mass spectrometer (Micromass, Manchester, United 
Kingdom) was operated in the linear mode and is 
equipped with a microchannel plate detector with a re- 
tractable post acceleration 20 kV conversion dynode opti- 
mized for high mass (or m/z) ion detection. Additional da- 
ta was acquired with PerSeptive-Vestec Voyager Elite 
and PerSeptive DE-STR MALDI-TOF mass spectrome- 
ters (Framingham, MA, USA) operating in linear mode. 
Gels were washed for 10 min in 15 mL of (1:l) acetoni- 
trile:0.2% TFA followed by a 5-10 min matrix soak in sa- 
turated sinapinic acid MALDI matrix in acetonitrile:0.2% 
TFA 1:l. Gels were dried at room temperature. The 3 mm 
wide dried gel strips (plastic backing still attached) were 
cut to ca. 4 cm lengths and adhered to the milled 4 x 4 cm 
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asparfate 
32c carbamyltransferase 

loo 1 catalytic chain 

sample plate with double-sided tape. Calibration spots of 
a mixture of bovine insulin and horse heart myoglobin 
were spotted at regular intervals along the edge of the gel 
for internal and external mass calibration [28]. 

3 Results and discussion 

3.1 ESI-MS of E. coliproteins 
One advantage of using ESI-MS for the measurement of 
large intact proteins is that mass measurement accuracy 
is generally f 0.05% or better, provided that small ion ad- 
ducts such as salts and buffers are not present at signifi- 
cant levels. In addition to reducing the sensitivity of the 
method by distributing the ion signal over more molecular 
species, the apparent mass can be shifted to higher val- 
ues if they are not mass-resolved. Newer ESI sources 
such as nanoelectrospray [33] reduce total sample con- 
sumption, increasing the sensitivity of the analysis. The 
micro-ESI sources utilize analyte flow rates of 50-200 n U  
min compared to the more conventional 1-50 VUmin. 

ESI mass spectra from three separate IEF gel slices are 
shown in Figs. 1-3. These spectra show a range of multi- 
ple charge states for each of the proteins. From the meas- 
ured molecular weights and the estimated pl, the identity 
of the E. coli proteins can be determined. Theoretically, 
identities can be uniquely determined for 92% of the 4400 
proteins predicted from the E. coli genome sequence by 
employing data acquired at a mass accuracy of 0.1% and 
a p l  accuracy of 0.05 pH units (341. In practice, this value 
is lower, due to post-translational modifications, sequence 
errors, and our inability to predict p l  this accurately 
(* 0.2-0.3 pH units may be more realistic [34]). A small 
change in gel position (pl) produces different ESI mass 
spectra, as illustrated in Figs. 2 and 3. The spectrum at p l  
6.37 only shows resolved ions from the 34 kDa aspartate 

pl 6.6 Wash wilh wld water. 
sonicale and extracl with / 7W30 acslonilrile/waler 

5% acefic acid 
gradient (IPG) 4 Cul bands 
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Figure 1. ESI mass spectrum of the band at p15.37 of the 
IPG gel of E. coli proteins. The protein identified by the 
measurement is osmotically inducible protein Y (osmY). 

34319.4i5.3 
I 

-000 

m/Z 

Figure 2. ESI mass spectrum of the band at p l  6.37 of 
the IEF-IPG gel of E. coliproteins. The measured molecu- 
lar weight of the protein indicated its identity as aspartate 
carbamoyltransferase catalytic chain. The inset shows 
the deconvoluted spectrum to the mass domain. 
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Figure 3. ESI mass spectrum of the band at p l  6.39 of 
the IEF-IPG gel of E. coliproteins. The identity of the ma- 
jor species, 50s ribosomal protein L9 (r19), was deter- 
mined from the measured molecular weight (peaks in the 
spectrum labeled with the 0 symbol) and the estimated 
isoelectric point. The peaks labeled with the 0 symbol are 
multiply charged ions from the overlapping protein, aspar- 
tate carbamoyltransferase catalytic chain (pyrB), ob- 
served at pl6.37 and shown in Fig. I. 

carbamoyltransferase catalytic chain (pyrB), while both 
the 15.8 kDa 50s ribosomal protein L9 (r19) and the 
34 kDa protein appear at p/6.39, 1.5 mm away. 

Assuming 100% extraction efficiency, less than 10 fmol 
was consumed for each of the measurements shown in 
Figs. 1-3. Based on known abundances, it is estimated 
that proteins examined were present at the 0 . S 3  pmol 
level on the gel. The unique low molecular weight (or high 
m/z) discrimination capabilities of the PATRIC array de- 
tector [30, 311 were essential for this analysis. Although 
the washing procedure eliminated many of the possible 
background components from interfering with the MS 
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analysis, it did not completely eliminate the background 
such as Triton-X, urea, and carrier ampholytes. This is 
clearly evident by the sloping baseline in the spectra. At a 
normal channel plate voltage of +850 V, only low molecu- 
lar ions are observed (data not shown). The spectra in 
Figs. 1-3 were acquired with the array detector voltage 
less than +725 V, which is optimal for detection of more 
highly charged ions (with discrimination of the low or sin- 
gly charged background ions). Although the lower detec- 
tor voltage improves the sensitivity for large molecule 
measurements, it makes the analysis of complex mixtures 
with a large dynamic range in both abundance and molec- 
ular weight range more difficult. Each protein has an “opti- 
mum“ PATRIC detector voltage, depending on the size 
and charge state [so. 311. Mass spectra at various detec- 
tor voltage values would need to be acquired for opti- 
mized analysis of a mixture. For example, the ESI mass 
spectra shown in Figs. 2 and 3 can be compared to the 
MALDI spectra (Fig. 4) obtained from the IPG gel for the 
same p l  region (vide infra). The proteins of less than 
27 kDa at p l  6.37, and masses less than 15 kDa at p l  
6.39, observed by MALDI-MS were not detected in the 
ESI mass spectra because the detector voltage was 
“tuned for ions from the most abundant species. In some 
regards, the discrimination “advantage” of the array de- 
tector alleviates some of the discrimination “disadvantag- 
es” of the ESI process and mixture analysis, as surface 
effects may selectively suppress ionization. It is unlikely 
that the array detector will be able to completely offset 
any serious suppression effects, and sensitivity will cer- 
tainly be reduced. Obviously, information on relative 
abundance or quantitation may be difficult to deconvolute 
from such data, and the dynamic range of protein abun- 
dances remains to be evaluated. However, from the view- 

point of developing an ESI-based technique for meas- 
uring protein molecular weights from gels, the approach 
described provides a viable and sensitive method. 

Further reduction of contaminating background by more 
efficient washing of the gel slices would increase the sen- 
sitivity of the ESI-MS analysis. However, the current 
washing protocol is sufficient in conjunction with the high 
mass sensitivity (and selectivity) of the PATRIC array de- 
tector. IPG gels were chosen for these experiments be- 
cause higher recoveries were anticipated from their low 
percent acrylamide matrices and because they provide ul- 
tra-high resolution separations, especially beneficial if on- 
ly one-dimensional electrophoresis is employed. Narrow 
range IPGs further expand capabilities for MS analyses. 
The size information provided by SDS PAGE is not es- 
sential if subsequent MS analysis is pursued. Ultrathin 
gels have demonstrated compatibility with direct desorp- 
tion of proteins by MALDI, as reported by our lab [26-281. 
As shown here and elsewhere [7], such gels are also ap- 
plicable for ESI-MS analyses. 

3.2 MALDI-MS of E. coli proteins on IEF-IPG 

The direct desorption of proteins from polyactylamide 
gels offers the potential for high-throughput molecular 
weight analysis. Commercial MALDI-TOF-MS systems 
have capabilities for automated data acquisition from hun- 
dreds of samples deposited on a sample stage. Automat- 
ed analysis of proteins from 1-D gels should also be ame- 
nable. The methodology combining 1-D IEF-PAGE as the 
first dimension and MALDI-MS molecular weight meas- 
urement as the second dimension has been termed “virtu- 
al 2-0 gel analysis” and can potentially be a powerful 

gels 

400i 1 ..~. I I\ I 

6000 14000 18000 

p16.37 

pl6.39 

Figure 4. Direct MALDI-MS of 
the IEF-IPG gel of E. coli pro- 
teins at (a) p/ 6.37 and (b) p/ 
6.39. 
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min and 150 kDa monoclonal antibodies have been de- 
tected from gels [26-281. Higher laser powers are needed 
to desorb proteins from the gels in comparison to desorp- 
tion from the probe. From the perspective of automation, 
however, a single laser fluence setting - high enough to 
desorb large proteins with good sensitivity - is adequate 
to acquire data down an entire gel. It is not necessary to 
seek the optimal setting at every position; mass resolution 
is only sacrificed a bit for small proteins under such ac- 
quisition conditions. In general, MALDI sensitivity de- 
creases with increasing molecular weight, but MALDI-MS 
sensitivities can be increased by utilizing different TOF 
detector technologies. Mass spectra of two proteins from 
IEF-IPG gels acquired with a TOF system utilizing post- 
acceleration and a 20 kV conversion dynode arrangement 
is shown in Fig. 5. An excellent signal-to-noise ratio is ob- 
served for proteins to at least 99 kDa. Although resolution 
is slightly sacrificed with this detector arrangement, the 
sensitivity enhancement is important for such large pro- 
teins. 

method for proteome analysis [26, 281. In contrast to 
scanning from classical 2-D gels or blots, virtual 2-D gels 
require data acquisition along only one dimension, reduc- 
ing analysis time and data storage requirements. Mass 
calibration is simplified because standards may be spot- 
ted at one edge of the 1-D gel, minimizing concerns about 
ion suppression from calibrants. 

Previously, we demonstrated that sub-pmol sensitivities 
can be obtained by direct UV MALDI-MS of protein mix- 
tures on ultrathin IEF gels [26-28). The gels used for the 
original reports were the gels supplied for Pharmacia's 
Phast system. We have obtained comparable data from 
Serva's isoelectric focusing gels precast onto netting - a 
format that avoids the polyester insulator backing of the 
Phast and DryStrip formats. The current work analyzing 
proteins from f. coli extracts extends this project by ex- 
amining IPG strips as the separation format. Sinapinic 
acid MALDI matrix was incorporated into the gel by soak- 
ing, as described previously [26-28]. MALDI mass spec- 
tra from approximately the same p l  regions depicted in 
the ESI-MS data (Fig. 2 and 3), but spanning only a few 
tens of micrometers (corresponding to the laser spot size) 
in the p l  dimension, are shown in Fig. 4. An abundant 
(M+H)' ion is observed for each protein component. Mass 
calibration was achieved by analyzing calibration spots 
composed of insulin and myoglobin adjacent to or near 
the band of interest. A molecular weight accuracy of bet- 
ter than f 0.1% is typically obtained for proteins smaller 
than 2C-30 kDa, and f 0.2% for larger proteins. Accura- 
cies are generally a factor of 2 better for abundant pro- 
teins. 

The MALDI mass spectra show more protein species than 
the corresponding ESI mass spectra (vide supra). How- 
ever, this does not address the question, "How many pro- 
teins should the MS-based method observe at a given 
spot on the 1-D gel?". This issue is a key point for the ap- 
plication of the virtual 2-D gel method for protein profiling. 
At the present time, work on comparing 2-D PAGE pat- 
terns with virtual 2-D gel results to address this issue di- 
rectly is on-going. Moreover, because the MALDI desorp- 
tion/ionization process depends on a number of factors, 
such as the interaction of analyte with matrix molecules 
and with the surface substrate, among many other varia- 
bles, it is difficult to predict the level at which the virtual 
2-D gel method can provide any information regarding the 
relative quantitation of proteins on the gel. We do not ex- 
pect MALDI mass spectrometry to provide a viable substi- 
tute for traditional methods of quantitation, but the direct 
comparison of 2-0 PAGE and virtual 2-D gel will provide 
answers to these questions. 

Proteins greater than 60 kDa can be observed from direct 
PAGE-MALDI-MS. Large proteins such as 66 kDa albu- 

4 Concluding remarks 

Either ESI or MALDI mass spectrometry can be used to 
determine the molecular weights of intact proteins sep- 
arated by IEF-IPG gels with accuracy far superior to 
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Figure 5. MALDI mass spectra of 2 spots on an IEF-IPG 
gel of E. coli proteins. Ion detection utilizing post-acceler- 
ation and a 20 kV conversion dynode increase high mass 
sensitivity. 
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SDS-PAGE. ESI-MS can analyze proteins extracted from 
the gels with relatively high sensitivity. Discrimination of 
low molecular weight contaminating background ions by  

array detection is extremely advantageous for such analy- 
sis, particularly for low abundance proteins separated in 
the presence of detergents and carrier ampholytes. The 
virtual 2-D gel method utilizing MALDI offers the potential 
for high throughput protein characterization for organ- 

isms. Both ionization techniques are suited to the identifi- 
cation of post-translational modifications or sequence var- 
iations, because they provide highly accurate and precise 
intact protein mass measurements. A major advantage of 
both approaches presented here is that losses associated 
with sample handling have been minimized, an important 
consideration when dealing with sample-limited situa- 
tions. However, relative quantitation by either MS method 
and the fidelity between classical 2 - 0  PAGE and the virlu- 
al 2-D gel method are difficult issues to assess at this 
time, and addressing these issues is a current major fo- 
cus of our research efforts. 
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Method for identification and quantitative analysis 
of protein lysine methylation using matrix-assisted 
laser desorption/ionization - time-of-flight mass 
spectrometry and amino acid analysis 

Protein methylation is a post-translational modification that might have important func- 
tional roles in cell regulation. We present a new technique with sufficient sensitivity 
(sub-pmol level) for analysis of methylation of proteins in abundances typically found 
on proteome maps produced by two-dimensional (2-D) gel electrophoresis. The meth- 
od involves the identification and quantitation of lysine (Lys) methylation using Fmoc 
(9-fluorenylmethyl chloroformate)-based amino acid analysis (AM) .  Tri- and mono- 
methyl-Lys were baseline-separated from other amino acids using a modified buffer 
system. Trimethyl-Lys was quantitatively recovered after acid hydrolysis and AAA of 
two known methylated proteins - yeast cytochome c and human calmodulin. The 
methylated peptides from tryptic digestion of those two proteins were identified by high 
sensitivity matrix-assisted laser desorption/ionization - time-of-flight (MALDI-TOF) 
mass spectrometry (MS). An automated mass-screening approach is proposed for the 
study of various post-translational modifications to understand the distribution of those 
protein isoforms separated by two-dimensional polyacrylamide gel electrophoresis. It 
is concluded that the combination of AAA and MALDI-TOF-MS provides a high sensi- 
tivity quantitative tool for the analysis of protein post-translational methylation in the 
context of proteome studies. 

Keywords: Protein methylation / Lysine / Amino acid analysis / Matrix-assisted laser desorption 
ionization - time-of-flight mass spectrometry / Post-translational modification / Cytochrome c / 

Calmodulin 

A key element of proteomics is the capability to identify 
protein post-translational modifications that can play an 
important role in biological and clinical functions [l, 21. 
Post-translational modifications are not reliably predicted 
from the DNA sequence and new analytical methods are 
needed to identify such changes in protein arrays pro- 
duced by 2-D gel electrophoresis [3]. Protein methylation 
is a post-translational modification that has been recog- 
nized to be important in many physiological roles. In bac- 
teria, methylated proteins are involved in sensory adapta- 
tion to chemical stimulation [4, 51. In eukaryotic cells, 
protein methylation is associated with the cellular stress 
response [6, 71, aging, and the repair of proteins [a, 91; 
and recently, reversible protein methylation has been 
seen to have a potential role in signal transduction [lo]. 
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EL 3373 

The diversity of protein methylation substrates and phys- 
iological roles of this modification suggest that it may have 
important roles in pathophysiological processes. The role 
of protein methylation is not yet determined and its func- 
tion deserves further investigation. 

Table 1. Modified gradient for separation of mono- and 
trimethylated lysine with other standard amino acids. Note 
the modification is the addition of 10% tetrahydrofuran in 
buffer A. The gradient program is essentially identical to 
that previously described [16]. 

Minute Flow rate %Aa) %Bb' %Cc) 
(mum in) 

0 1 17 68 15 
1 1 17 68 15 
32 1 10.8 43.2 46 
32.05 1 0 0 100 
34 1 0 0 100 
34.05 1 17 68 15 
35 1 17 68 15 

a) %A, 30 mM ammonium phosphate, 10 Yo tetrahydro- 

b) %B, 15 O h  v/v methanol in water 
c) %C, 90 % v/v acetonitrile in water 

furan, pH 6.5, in B 
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a. AA standard only 

I 
3 .  I .  .. .. .. ,. 

I I. 

b. AA standard + trimethyl and monomethyl-Lys 

c. AA standard only 

d. AA standard + trimethyl and monomethyl-Lys 

Figure 1. Chromatograms of separation from Fmoc-AA standards. Using gradient described previ- 
ously 1161, without 10% tetrahydrofuran, (a) AAs are well resolved (b), but arginine and triemethyl-Lys 
coeluted. Use of the modified gradient (addition of 10% tetrahydrofuran) allowed (d) baseline resolu- 
tion of triemethyl-Lys from all other components although (c. d) proline and alanine coeluted. Mono- 
methyl-Lys is well resolved from other AAS in both solvent systems. 
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AAA was essentially identical to the method described 
previously [16]; however, with the use of 10% tetrahydro- 
furan in gradient buffer A (Table l ) ,  trimethyl- and mono- 
methyl-Lys (Sigma, St. Louis, MO, USA) were baseline- 
separated from other standard amino acids (Fig. 1). Two 
known trimethylated proteins, yeast cytochome c 
(SWISS-PROT AC: cycl-yeast, POOO44; Sigma) and hu- 
man calmodulin (SWISS-PROT AC: calm-human, 
P02593; Sigma) were taken for 1-D SDS-PAGE separa- 
tion and electroblotted onto polyvinylidene difluoride 

a 

0 5 1 0  15 m," 20 25 30 35 

h 

Figure 2. Chromatograms of separation of Fmoc-AA 
from protein hydrolysates. (a) PVDF-bound yeast cyto- 
chrome c stained with amido black, 12 pmol recovered 
after hydrolysis, 1.5% trimethyl-Lys recovered (1.4% ex- 
pected) by Fmoc-AAA. (b) PVDF-bound human calmodu- 
lin stained with amido black, 6 pmol recovered after hy- 
drolysis, 1.5% trimethyl-Lys recovered (1.2% expected) 
by Fmoc-AAA. 

Protein methylation generally occurs on the carboxyl 
group or the side chain nitrogens of the amino acids ly- 
sine (Lys), arginine, or histidine, with E-Ktrimethyl-lysine 
being the predominant methyl lysine species in all cases 
[lo]. Existing analytical methods involving radiolabelling 
in conjunction with methyltransferases [ I  11, or chromato- 
graphic analysis of methylated amino acids [12-151, have 
a limited role and the latter does not possess sufficient 
sensitivity to have practical applications in proteome stud- 
ies. Little has been done using mass spectrometry (MS) 
analysis to address this problem, although it is well known 
that addition of methyl groups on protein peptides is 
chemically stable. In this study, we developed a new iden- 
tification and quantitation method for analysis of Lys 
mono- and trimethylation on proteins with sufficient sensi- 
tivity (sub-pmol level) to be applied to typical proteome 
maps produced by 2-0 gel electrophoresis. 

The quantitative analysis was achieved by Fmoc (9-fluo- 
renylmethoxycarbonyl) amino acid analysis (AAA). The 

membrane. Trimethyl-Lys was recovered from both ami- 
do black-stained protein bands after acid hydrolysis with 
quantitative recovery for low pmol amounts (Fig. 2). Coo- 
massie blue-stained gel pieces of both proteins were also 
taken for tryptic digestion and high sensitivity MALDI- 
TOF-MS analysis [17, 181. Tryptic peptides were well re- 
covered with around 67% sequence coverage achieved 
for both proteins, and the peptide profiles are presented 
in Fig. 3, highlighting those peptides with the modifica- 
tions predicted using ExPASy FindMod tool (http:// 
www.expasy.ch/sprot/findmod.html). The exact masses 
and positions of peptides recovered from the two protein 
digests are shown in Fig. 4. The peptide 61-78 in the cy- 
cl-yeast and the peptide 107-126 in calm-human are 
known from the SWISS-PROT database to be trimethylat- 
ed at Lys 77 and Lys 11 5. respectively. Our results con- 
firm both trimethylations. In addition, two masses 
(2223.24 and 2238.66) suggest the presence of a dime- 
thylated form of Lys 77 in the cycl-yeast (matching data 
not shown here), suggesting a heterogeneity of the sam- 
ple as the methyl groups would not be degraded under 
the conditions of MALDI-MS. Note that the nonmethylated 
forms of the peptides are not observed, and that the pep- 
tides are not cleaved by trypsin at the modified lysines. 

It is concluded that the combination of AAA combined 
with MALDI-TOF-MS provides a high sensitivity quantita- 
tive tool for protein methylation post-translational modifi- 
cation analysis in the context of proteome studies. Chemi- 
cal stability of trimethyl-Lys enables AAA and MS 
analysis without additional treatments towards acid hy- 
drolysis and enzymatic digestion. FindMod is a prediction 
tool and not an identification tool, so that potential methyl- 
ation identification by peptide mass data can be followed 
by confirmation with AAA data. With the high usage of 
MALDI-TOF-MS as a primary protein identification tool 
[19-211, the proteomic strategy is to use peptide mass 
profile data of 2-D PAGE-separated proteins from MAL- 
DI-TOF-MS. automatically put in through Peptldent tool 
(http://www.expasy.ch/sprot/peptident.html). Once the 
protein is identified, the mass profile data can be automat- 
ically put in to FindMod tool (http:///www.expasy.ch/sprot/ 
findmod.html) for identification of any post-translational 
modifications. The search protocol from peptide mass, 
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Figure 3. Mass spectra from tryptic digests of (a) cytochrorne c and (b) calrnodulin with the spectra 
of the modified peptides expanded (details of peptide identifications are shown in Fig. 4). 

through Peptldent to FindMod will offer great assistance ported by the Swiss Fund of Scientific Research (grant 
in the updating of the SWISS-PROT database. 32-4931 4.96). 

Received January 12,1999 

References 

JXY was supported by the Australian froteome Research 
and Development Grant, and would like to thank frofes- 
sor Denis Hochstrasser and Dr. Mike Dunn for allowing 
her to work in their laboratories. f A B  was supported by 
the Helmut Horten Foundation. JCS and DFH were sup- 

[l]  Yan. J. X., Packer, N. H., Gooley, A. A,, Williams, K. L.. 
J. Chrornatogr. A 1998.808,23-41. 



Identification and quantitative analysis of protein lysine methylation 173 

a. Cytochrome C yeast 

___ ---__ _ _ ~ _ _  _ _  __________ 
Matchlng peptlder: 

User mass DB mass -5 @&on) J#Mc;-- - 

peptlde Iporltlon I known modlllcatlona --_ - 

- _ -  - 
1166.86 1166.6429 - 0 Z y F  VGPNLHGIFGR PT-4i 
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1869.41 18688773 -05326 I 1 HSGQAEGYSYTDANIKK ,44-60 

2237.48 2237.0908 -0.3891 1 1 NvLwDE"MSEnT"KK 61-78 (1- 
2253 69 2253 0857 -0.6042 1 1 KNVLWDENNMSEYLWK 0-77 ,(lxMSO, IxTRIMETH) 
2253 69 2253.0857 -0.6042 - 1  -1 ?K%DE"MSEYL,%KK ,61-78 (lxMS0, I-) 

223748 22370908 -03891 1 1 ICNVLWDE"MSEYLWK 60-77 ( 1 x T " l X )  

-r - 

- - - 

b. Calmodulin 

Matcldng peptides: 

& L F B m s t s s  cDalton) Amass [Ac-- , peptlde 

1093 7 11093 4644 -0 2355 ~ 0 DTDSEEEIR 178-86 

1265 88 11265.612 -0.2679 I 0 DGNGYISAAFLR 195-106 

1564 16 11563 7537 - -04062 ~ 0 AbQLTEEQIAEFK _ _  -/1--1< '(ACET. 1) 

________. ___ 

position known modllleatlons 
___- -  

_-__ 

_ _  - -  
956644 19564723 -0 1716 I 0 k4FSLF6K _ _  -/14-21-- 1 

1755 3 j1754-8707 -04292 , 1 VFDKDGNGYISAAELR pic 
1845 3 11844.8912 -04087 1 1 EAFSLFDICDGDGITITK - -- 114-30 

- 

- _ - ._ 

2401 73 12401 1739 -0556 1 1 -2DEJZVDEMIR 1107-126 (1dIRNElM I 
I 

. ~- , 

2417 13 (2417.1688 00388 i wmmh61R ilo7-126 !;-A) 
- ~ _ _ _  - _ 

2506 76 12506 0748 -0 6851 0 EADlDGDGQVN3TEFVQMh4TAK 1127-148 (1-0) ' 

2522 01 
~-___,__ _ _ _ _  

12522 OG7 -- 00597- -~-&IIDGDGQVNYEEFVQM~~TAK 1127-148 (2xMsO) 

Figure 4. Peptide mass matching results from tryptic digests of (a) cytochrome and (b) calmodulin 
using FindMod tool on the Expasy sewer (http //www.expasy.ch/sprot/findmod.html) Abbreviations 
ACET, acetylation, MSO, methionine sulfoxide; TRIMETH, trimethylation. 
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electrophoresis gel databases 

Protein spot identification in two-dimensional electrophoresis gels can be supported by 
the comparison of gel images accessible in differe‘nt World Wide Web two-dimensional 
electrophoresis (2-DE) gel protein databases. The comparison may be performed ei- 
ther by visual cross-matching between gel images or by automatic recognition of sim- 
ilar protein spot patterns. A prerequisite for the automatic point pattern matching ap- 
proach is the detection of protein spots yielding the x(s),y(s) coordinates and 
integrated spot intensities i(s). For this purpose an algorithm is developed based on a 
combination of hierarchical watershed transformation and feature extraction methods. 
This approach reduces the strong over-segmentation of spot regions normally pro- 
duced by watershed transformation. Measures for the ellipticity and curvature are 
determined as features of spot regions. The resulting spot lists containing x(s),y(s),i(s)- 
triplets are calculated for a source as well as for a target gel image accessible in 2-DE 
gel protein databases. After spot detection a matching procedure is applied. Both the 
matching of a local pattern vs. a full 2-DE gel image and the global matching between 
full images are discussed. Preset slope and length tolerances of pattern edges serve 
as matching criteria. The local matching algorithm relies on a data structure derived 
from the incremental Delaunay triangulation of a point set and a two-step hashing tech- 
nique. For the incremental construction of triangles the spot intensities are considered 
in decreasing order. The algorithm needs neither landmarks nor an a priori image 
alignment. A graphical user interface for spot detection and gel matching is written in 
the Java programming language for the Internet. The software package called CAROL 
(http://gelmatching.inf.fu-berhde) is realized in a client-server architecture. 

Keywords: Two-dimensional polyacrylamide gel electrophoresis I Database comparison I Gel 
matching I World Wide Web I Internet I Java I Point pattern matching EL 3338 

1 Introduction 

Two-dimensional gel electrophoresis (2-DE) is currently 
one of the important methods in proteome research [ l ] .  
Together with protein identification methods such as se- 
quencing, mass spectrometry, or amino acid composition, 
much information on proteins is produced and stored in 
World Wide Web 2-DE gel protein databases, which are 
available to all scientists. The software principles for the 
construction of such 2-DE databases are well-developed 
and described [2-6]. The exponential increase of stored 
data gives rise to many new tasks. One of these consists 
of comparing gel images included in 2-DE databases via 
the Internet to support or to replace the expensive identifi- 
cation of proteins. Another interesting and possible appli- 
cation of gel comparison is related to the fact that with 
some diseases there are associated typical deviations of 
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certain protein spots compared to standard spot size/in- 
tensity [7, 81. Detecting such deviations is of great impor- 
tance, for example, in view of a possible drug design. By 
creating master gels and using the SWISS-PROT acces- 
sion number of a protein, spots can be localized and iden- 
tified in different 2-DE databases fulfilling the concept of 
federated 2-DE databases [2]. The visual inter-laboratory 
comparison of two gel images maintained in a 2-DE 
meta-database was pioneered by Lemkin [9, lo]. To over- 
come substantial difficulties caused by different resolu- 
tion, gel size, gel distortion, and noise, several image 
processing techniques are applied. Image processing in- 
cludes, for instance, noise reduction by smoothing, image 
warping transformations, contrast enhancement, and 
flickering. Moreover, these techniques can be currently 
realized on the Internet using, for instance, the program- 
ming language Java and the client-server paradigm (see, 
for example, flicker server at http://www-lmmb.ncifcrf.gov/ 
flicker). This kind of cross-matching aims at searching vis- 
ually for qualitative differences between two gel images at 
pixel level [ l l ,  121. Eventually, the user must decide 
whether spots correspond to each other or not. 

From Genome to Proteome: Advances in the Practice and Application of Proteomics 
Edited by Michael J Dunn 
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We address the problem of comparing/matching 2-DE gel 
images stored in WWW databases by recognizing similar 
protein spot patterns automatically. Instead of image 
pixels we use features derived by a new spot detection 
algorithm and apply a computational geometry approach 
for point pattern matching. Furthermore, the spot detec- 
tion and matching procedure is performed directly on the 
Internet by means of a user interface invoked in any 
Java-capable Internet browser. 

2 Material and methods 

2.1 Protein spot detection 
A prerequisite for automatic point pattern matching be- 
tween a source and target gel image located in different 
WWW gel protein databases is the detection of protein 
spots. Several algorithms for spot detection [l 1 , 13-1 71 
exist and can mainly be divided into Gaussian fitting and 
Laplacian of Gaussian (LOG) spot detectors. Some of 
these spot detection algorithms are realized in commer- 
cial gel analysis systems as Kepler, Gellab-ll, PDquest, 
Melanie, and Phoretix. For our task we developed a new 
algorithm based on a hierarchical watershed transforma- 

gel image with 
two spots Steps for the spot detection 

i-7 gel image 

m gradient 

LT+- spot regions,/ 

Figure 1. Steps for spot detection. 

tion (WST) combined with feature extraction methods. 
The spot detection for WWW-accessible gel images using 
the WST can be described shortly by the following steps 
(Fig. 1): (i) downloading of a gel image from the Internet, 
(ii) calculation of the gradient image, (iii) performing the 
WST, (iv) localization of spot regions, (v) merging of par- 
tial spot regions, and (vi) calculation of a spot list. 

2.1.1 Watershed transformation 

The WST (Fig. 2) is an image segmentation approach 
which can be described as an immersion process in “gray 
value reliefs” [18-201. Drilling holes in each regional mini- 
mum of the relief, the surface is immersed into a lake, en- 
suring a constant water level in all the valleys of the gray- 
value mountains. The valleys correspond to the regions 
whereas the watersheds define the optimal contours of 
objects. The regions are obtained using the WST on the 
gradient image (first derivative). The assumption is that 
valleys of the gradient image correspond to the requested 
regions whereas the ridges -watersheds- define the opti- 
mal contour of a region. Each region is then described by 
a feature, achieving a so-called mosaic image. The WST 
results in well-located closed contours, but also in strong 
over-segmentation caused by the image noise amplified 
by the calculation of the gradient image. Additionally, 
Gaussian smoothing of the original image can be per- 
formed as a prefilter. 

2.1.2 Localization of spot regions 

Due to the over-segmentation in the mosaic image not ev- 
ery spot is recognized as a single region. In many cases 
one spot consists of several subregions (“partial spot re- 
gions”). Therefore two kinds of regions must be distin- 
guished. First, one region already covers the whole spot, 
and second, the region only describes a part of the spot, 
i.e., several regions cover one spot (Fig. 3). In the latter 
case all regions of a spot must be merged to obtain a 

watersheds 

--- \ \ / / A -  
Mnirna 

-m- 

Figure 2. Principle of the watershed transformation as 
an immersion process. 
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en by 20% of the total gray value variation within the gel 
image. Both threshold values (40 and 20%) were deter- 
mined empirically. 

Figure 3. Mosaic image with two kinds of spots to be lo- 
calized. Spot 1 is already separated by one region. Spot 2 
consists of several regions (partial spot region). 

complete single spot. Therefore, the spot and "partial 
spot" regions will be found and located (i) by a prepro- 
cessing step using gray-value thresholding and (ii) by fea- 
ture analysis using the curvature criterion. 

2.1.3 Preprocessing by gray-value thresholding 

In this step the number of possible spot regions is re- 
duced by a simple gray-value thresholding knowing that 
spots have significantly lower gray values than the back- 
ground (black ? 0, white ; 255) of a gel image. For each 
region obtained after the WST the average gray value is 
determined. The applied thresholds are evaluated de- 
pending on the gray value distribution within the gel im- 
age. Each spot and partial spot region in the mosaic im- 
age borders on a background region. Consequently, only 
regions that have a neighboring region with a significantly 
higher average value could be a spot or a partial spot re- 
gion. For further consideration we introduce the following 
variables: R, set of regions; N = IRI, number of regions in 
the mosaic image: Neighbor(4, set of neighboring regions 
of r e  FI; p(r), average gray-value of r e  FI; 

Criterion 1 : The neighbor difference D(r) of a region given 

by 

D(r) = inf(lp(0 - p(r')I 11' E Neighbor(r)) (1) 

A candidate for a spot or partial spot region is a region r 
so that D(r) > f,, where f, is a threshold given by 40% of 
the gray-value variation within the considered gel image. 
However, this assumption is not true for all partial spot re- 
gions. Especially partial spot regions in the middle of 
spots do not border on a background region. In general, 
these types of partial spot regions have very low gray val- 
ues and can be found using a second threshold value, t2. 

Criterion 2: A candidate for a spot or partial spot region is 
a region r e  R, so that p(r) c f2, where t2 is a threshold giv- 

2.1.4 Feature extraction of regions 

Although the preprocessing step that uses two specific 
gray-value thresholds reduces the number of candidate 
regions significantly, it is not specific enough to find exact- 
ly the correct spot candidates or to remove all nonspecific 
regions. Regarding the gel image as a topographic sur- 
face, one of the obvious features of spots is their convex 
curvature. This feature is also true for partial spot regions. 
Since the watershed transformation is performed on the 
first derivative the watersheds separate regions of convex 
and concave curvature. Thus, we only need to find those 
regions among the candidates which have a convex cur- 
vature. The curvature C(r) of a region r E  R is defined by 

C(r) = Zf" (p) p E r 

where the sum is taken over all pixels p in  region r, and f" 
is the second derivative of the image. A candidate for 
a spot or partial spot region is a region r that satisfies 
C(r) > 0. 

Applying the two gray-value criteria as well as the curva- 
ture thresholding, only such regions remain that corre- 
spond to partial spot or spot regions. Next we describe 
how to merge partial spot regions. 

2.1.5 Merging of partial spot regions 

The merging process of the partial spot regions of a spot 
is based upon two additional properties of spots: (i) a spot 
should have an approximately elliptical shape: (ii) for 
neighboring partial spot regions within a spot, the local 
curvature CL in convex in a small neighborhood along 
their common border (watershed line). Since each of 
these two properties can not sufficiently characterize the 
regions, a combination of these features is used. To ex- 
amine the similarity of a region r to an ellipse, an ellipse 
€, is constructed using the circumscribed rectangle of a 
region (Fig. 4). Then, using a x2 test, the difference or 
similarity between the constructed ellipse f, and the re- 
gion ris evaluated. A region should be merged with neigh- 
boring regions if the similarity of the merged region to an 
ellipse is higher than the similarity of each separate region 
to an ellipse. The local curvature CL for neighboring re- 
gions rand I' is determined by the second derivative in a 
3 x 3 pixel neighborhood along their common border. The 
second derivative is computed in the direction of the line 
connecting the centers of gravity of rand r'. Partial spot 
regions, together representing one spot, are character- 
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circumscribed rectangle circumscribed rectangle 

1 

region constructed ellipse 
Figure 4. Examination of the similarity of a region to an 
ellipse. The ellipse is constructed using the circumscribed 
rectangle of a region. Using the x2 test the difference of 
the lengths dregion and deIllpse (the similarity between the 
constructed ellipse and the region) is evaluated. 

ized by a positive curvature along their watershed line. In 
this case the partial spot regions can be merged. If, in 
contrast, the local curvature is negative (or concave), then 
the two regions should not be merged. By using both cri- 
teria the algorithm should, for instance, not merge two or 
more neighboring circular spots, even if they overlap; nev- 
ertheless, spots consisting of separate spot regions, re- 
sulting from the segmentation process, should be 
merged. Each criterion alone is too weak for the merging 
process. Finally, we associate with each identified spot s 
the coordinates x(s), y(s) of its center of gravity and we 
define its intensity i(s) as the sum of all gray-values in the 
region. The vectors x(s), y(s), i(s) of all spots are collected 
in a spot list. 

2.2 Modeilng the matching problem and maln 
algorithmic ideas 

2.2.1 The point pattern matching approach 

One of the fundamental tasks of gel analysis is the com- 
parison of two gel images in the sense that one wants to 
determine those pairs of spots which represent identical 
proteins. Several algorithms have been designed and im- 
plemented to solve this so-called gel matching problem 
(11, 13-15, 21-25]. The efficiency of most of these algo- 
rithms can be improved by preassigning several corre- 
sponding spot pairs (landmarks). Some of the algorithms 
even require a certain number of landmarks. Here, we 

present a geometrical matching approach which can be 
used to search for similar protein patterns in a source and 
a target gel image. The automatically determined corre- 
sponding spots can be taken as landmarks for global 
matching between entire gels. Note that the algorithm of 
Olson and Miller [22], which is the basis for the matching 
implementation in the gel analysis system Melanie II, also 
can be started without preassigned landmarks. The main 
advantage of our geometric method is that it takes into ac- 
count similar geometric patterns and spot intensity rela- 
tions and is independent of geometric and densitometric 
(gray-value) image resolution. Furthermore, this method 
is also robust in the presence of noise (additional / miss- 
ing spots). The only assumption is a proper spot detection 
algorithm extracting the geometrical data x(s), y(s), i(s) of 
the spots from the images. We remark that our matching 
algorithm uses the intensities only to get an intensity order 
relationship of the spots in an image (the numerical val- 
ues i(s) themselves are not important). 

We start with some general remarks about geometric 
point pattern matching, which has been the subject of in- 
tensive research in the last decade [26-31]. Let P denote 
a point pattern (in our application P will be a set of inten- 
sive points chosen from a small window in a source im- 
age). Given another point set, T (the spots in a target im- 
age), all occurrences of P in T should now be computed. 
This is a similar task as looking for a given star constella- 
tion in a celestial chart. Usually, an admissible space A of 
transformations (e.g., translations, rigid motions and/or 
scalings) is given which can be used to map the pattern 
as close as possible to the point set T. Additionally, we 
have a distance measure d between patterns. The Haus- 
dorff distance H is most commonly considered [32]. In 
general, we want to find an f E A and a pattern Q in Tfor 
which d(f(P),O) I E, where E is a prescribed error toler- 
ance. We distinguish between exact matchings (E = 0)  on 
the one hand and approximate matching solutions on the 
other hand. The latter are important in most practical ap- 
plications. As in our concrete application, it is sometimes 
only possible to find partial matchings, i.e., we will be 
looking for as large as possible sub-patterns of P which 
have an approximate matching pattern in T. 

Two approaches which have proven to be useful for our 
application are considered: the alignment method and 
geometric hashing. The alignment method is based on 
the observation that any similarity transformation is deter- 
mined up to reflection by the mapping of a single line seg- 
ment. Thus, we will choose two points (a, b) in the pattern 
P and map the edge in the target set T. 
For each mapping we check whether it induces a (large 
partial approximate) matching of P. Note that in the spe- 
cial situation of partial matchings it is not sufficient to con- 

to all edges 
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sider only one edge 2. In a worst-case scenario one thus 
has to map all pattern edges to all edges in T. The situa- 
tion is much easier to handle if scalings are not allowed 
(or strongly restricted). Then for a given edge Z i t  is suffi- 
cient to search for all target edges of approximately the 
same length. Analogously, if rotations are forbidden it suf- 
fices to search for all target edges with approximately the 
same slope as %. An essential speed-up of the alignment 
method can be obtained if the points in both the pattern 
and the target are labeled with positive values (intensities) 
such that for any valid matching the intensity order of the 
pattern is consistent with the intensity order in the target. 
Then the quadratic size search space of all target edges 
can, under certain circumstances, be reduced to the set 
of all edges in the history of the incremental Delaunay tri- 
angulation of T, which has an expected linear size. The 
details of this idea will be discussed below. The main 
drawback of the alignment method consists in the waste 
of time caused trying to construct a matching for each le- 
gal pair of edges 2 in P and in T; in the end, however, 
only few of these attempts will be successful. This can be 
avoided by making use of geometric hashing. This meth- 
od requires some preprocessing for a hash table. After 
that, the number of pattern points which are matched by a 
transformation (induced by a legal edge pair) can be 
counted efficiently. Finally, one has to compute the 
matches only for the best transformations. Some basic 
ideas and principles, such as the alignment paradigm or 
Delaunay triangulation graphs, have been rediscovered 
several times and used for the matching task. The two 
novelties of the algorithmic solution we present are the 
following: the construction process of the Delaunay trian- 
gulation graph rather than the final graph itself is used for 
the matching process, and the approach works in the 
case of noise. 

2.2.2 Local matching queries 

First, we address the modeling of the following algorithmic 
Local Matching Query Problem: Given a local spot pattern 
P selected from a 2-D gel source image, find all local spot 
patterns in a target image Tthat resemble at least partial- 
ly both the geometric shape and the spot intensities of P. 
Later we describe how to use results of local matching 
queries to form a global match between source and target 
image. 

The algorithm to answer local matching queries starts 
from two assumptions. First, the geometry of spot pat- 
terns is given by point patterns. Second, the algorithm 
should not use the relative position of the selected pattern 
within the source image or its location with respect to pos- 
sibly given landmarks. Such information, if available, can 
be used to speed up our solution considerably, for exam- 

ple by restricting the search range in the target image. 
Moreover, source and target image are assumed to have 
the same bounding box; otherwise they are scaled linear- 
ly. The spot intensities induce a linear order in the spot 
list. The choice of admissible transformation space and a 
distance measure to evaluate matches is based on the 
following observations and assumptions. 

(i) Assume we want to choose a pattern P from a small 
rectangular window in the source image S. Source and 
target image can have significantly different spot numbers 
but, since intensive spots tend to appear first, it only 
makes sense to choose and restrict oneself to such pat- 
terns P that consist of the locally most intensive spots. 
The default value for the pattern size in the implementa- 
tion is eight. (ii) On the other hand, a matching pattern P' 
in the target T should also consist of locally intensive 
spots. Moreover, we should also accept solutions in which 
P' resembles only a large portion of P. In this way we can 
also try to correct certain errors made by the spot detec- 
tion algorithm, which tends to have difficulties in correctly 
interpreting those spots that are very close to each other 
and partially overlap. (iii) To model the pure geometric re- 
semblance between Pand P' we use the following simple 
rule based on two real tolerance parameters h and a. We 
call two line segments stand a (La)-similar if their abso- 
lute slope difference is smaller than a and their length is: 
1-I <Istllls'YI I l+h. Two point patterns P and P' are 
&a)-similar if there is a bijection f between the point sets 
such that 3 and fo) are (h,a)-similar for all s,t EP. In 
total we want to find (1.a)-matchings between as large as 
possible subpatterns P" c P  and target patterns P' (also 
compare [30]). (iv) To model the intensity resemblance 
between spots we do not use the absolute intensity val- 
ues i(s) directly. Instead, we apply the following robust 
heuristic ranking rule that assigns to each spot a discrete 
intensity integer between 1 and 10. The 500 most inten- 
sive spots in an image are distributed equally according 
to cardinality between 10 and 6; the remaining spots are 
assigned integer values I 5  such that the total intensity 
sum in each class is the same. For the matching we use 
the criterion that a pattern spot s can only be matched to 
a spot in P' if their discrete intensities differ by at most 2. 
(v) Since the edge similarity constants h and a are usually 
small (in the implementation the default values are h = 0.2 
and a = 0.2), we know each @,a)-matching between P" 
CP and P' is close to a translation t; more exactly, the 
Hausdorff distance h(t)(P"),P) between the translated 
P" and P' is in the worst case bounded from above by 
max,,teP"EI~l. Besides the size of P", another criterion for 
evaluating the match could be the Euclidean distance of 
the center of P from the expected center position of the 
transformed Pin the target image, provided its position in 
the source is known. 

_ _  
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2.2.3 The basic algorithmic idea: using the 

Given the above-described setting, our local matching al- 
gorithm is based on the following key idea (first used in 
[33] where the task was to find a star constellation in a 
star atlas). Let us call a triplet of spots in a gel image in- 
tensive if its circumcircle does not contain a spot that is 
more intensive. An edge connecting spots s,t is intensive 
if there exists a third spot forming an intensive triplet to- 
gether with s and t. This concept of intensive edges is 
strongly related to the Delaunay triangulation construction 
known in computational geometry. A triangulation of a 
point set S in the plane is called Delaunay triangulation if 
for each triangle in the triangulation its circumcircle con- 
tains only the three triangle points. One can construct 
such a triangulation incrementally by adding one point af- 
ter the other (compare [34]). Now the straightforward but 
central observation of Weber eta/. [33], in our terminology 

Delaunay triangulation 

1st step 

/I* 
I 3rd step 

2nd steo 

1-th step 

Figure 5. Construction of an intensive triangle and incre- 
mental Delaunay triangulation for spots in order of de- 
creasing intensity. The enclosing disk does not contain a 
spot that is more intensive than the spots forming the tri- 
angle. 

reads: Assume that the Delaunay triangulation of a gel im- 
age is computed incrementally by inserting spots in order 
of decreasing intensity. Then the set of all Delaunay trian- 
gles and edges occurring during the history of that proc- 
ess is exactly the set of intensive triangles and intensive 
edges. 

Let Hist' (7') be a data structure representing all intensive 
edges together with their lengths and slopes as well as 
so-called flipped diagonals (see (351 for definition). Figure 
5 illustrates the incremental construction. In the example 
of Fig. 5 the dotted edge is deleted from the current trian- 
gulation; four Delaunay edges and two flipped diagonals 
are added to Hist' ( T ) .  We use the edge set Hist' (7') in- 
stead of the set of all edges in the target for the following 
reasons: (i) While the number of all edges is quadratic in 
the n number of spots, it can be shown that the expected 
number of edges in Hist' ( T )  is bounded by 12n. (ii) If a 
pattern P of locally intensive spots occurs in T, then one 
can expect that, despite the possible noise that causes 
changes in the intensity order, many of the edges con- 
necting spots in P will be &a)-similar to edges in Hist' 
(7'); see [35] for empirical data from random point pat- 
terns. 

This is the point where our approach and that of Weber et 
a/. [33] diverge. In the latter, according to the alignment 
technique, one tries to extend each occurrence of a target 
edge that is of equal length with a source pattern edge to 
a matching of the complete source pattern; we have to 
opt for a different strategy. The main reason for this is the 
small but nevertheless considerable length and slope tol- 
erance that imply an edge search range in Hist' ( T )  that is 
too large (although already of linear size). Our alternative 
to the alignment technique [33] is a two-step variant of 
geometric hashing (see 1261). First, we compute all loca- 
tions within the target image where a good matching with 
the pattern is likely to occur. Only then we compute actual 
patterns that answer our local matching query. 

2.2.4 Computing tentative matching pattern 

For each pattern edge ewe find all target edges e' in Hist" 
(7') that meet the tolerance bounds with respect to length, 
slope, and discrete spot intensities. However, we do not 
store the results of such a query as an edge list. We first 
compute the vector t(e,e') that translates the midpoint of 
edge e to the midpoint of e'. For all these we maintain a 
scoring table that indirectly stores translation vectors and 
at the same time yields clusters of such vectors. Obselve 
that such clusters correspond to possible matching loca- 
tions. This is done as follows. The bounding box of Tis in- 
terpreted as the possible space for translation vectors 
t(e,e'). Next we overlay a regularly spaced grid on the 

locations 
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translation 

wi th  score(i.j) 

Figure 6. Updating the score for a pair e, e' of similar 
edges. 

translation space and maintain a data structure for integer 
scores, initially all zero, which are defined for each grid 
node. Each translation vector t(e,e') increases the score 
among the four grid nodes defining the grid cell into which 
the vector falls. This cell is subdivided into four rectangles 
by t(e,e') as depicted in Fig. 6. Each of the four grid nodes 
adds to its current score an amount proportional to the 
area of the opposite rectangle given the total area by 100. 
Let Score ( iJ  be the total score accumulated in grid node 
(i,]) after probing all (I:') pattern edges. All local maxima 
that are greater than a threshold value depending on the 
cardinality of P are considered to correspond to potential 
matching locations (see Fig. 7). 

2.2.5 Verifying tentative local matching 
locations 

After the scoring procedure we are given a list of putative 
locations of matching pattern centers (c) in the target. Re- 
call that each such point c corresponds to a translation, 

say &, for which we compute fc (P) ,  i.e., we map the pat- 
tern into the target. For each source spot s E P we search 
for the neighbors of tc (s) in the Delaunay triangulation of 
T. These constitute a list of matching candidates for the 
pattern spot s. Using an exhaustive search we select from 
the candidate lists a maximal subset that defines a &a)- 
matching with the corresponding subpattern of P (also 
compare [30]). 

2.2.6 Strongly distorted images 

A further problem is how to proceed when there is a more 
severe geometric distortion between the pattern P and its 
counterpart P' in the target image. Obviously, one solu- 
tion would be to increase the values for slope and length 
tolerances, yielding increased time bounds for the geo- 
metric hashing process. Instead, we apply a standard 
heuristic trick (compare [27]); we distort the pattern P iter- 
atively in a typical (application-dependent) way and then 
search for the distorted pattern while keeping similarity 
tolerances low. In our case these distortions are combina- 
tions of independent x-y scalings and shifts that transform 
rectangular regions into parallelograms; Distort (P )  de- 
notes the list of all patterns derived from P. 

2.2.7 Global matching via local matching 

Previous algorithms for the global matchings of gel im- 
ages are based mainly on landmarks set by the user. In 
this context a landmark is a pair of points, one in the 
source image S, the other in the target T. Thus, the user 
fixes a partial match on a sufficiently large set of so-called 
support points Ssupp c S. By triangulating Ssupp and con- 
structing the corresponding triangulation in the target im- 
age one gets a piecewise affine transformation f defined 
on the triangles. Finally, for any source point p E S one 

Figure 7. Local result of the 
scoring procedure (pseudo 3-D 
representation of score values). 
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has to search for the nearest neighbor of f(p) in T where 
the distance is a combination of the Euclidian distance 
and the intensity difference. Our aim is to avoid an inter- 
active landmark setting by making use of the local match- 
ing solution. The problem is that this algorithm computes 
several matches of a chosen pattern and, in general, it 
does not clarify which is the right one. There are two ap- 
proaches to improve confidence in a found match. The 
first is to insert a spot P E  Sinto different patterns PI, ...., P, 
and to compute their best local matches independently. 
We considered four patterns extending a bounding box 
from p into the four quadrants. Then a point 9 E Twill be 
accepted as an image of p if for all patterns there is at 
least one match (of the best) mapping p to 9. Answers 
found this way are sufficiently satisfying. However, due to 
the strong restrictions within this approach there is a pos- 
sibility that no answer will ensure. The second approach 
consists in covering the source image by patterns in a 
gridlike fashion. Computing the best local matches for all 
patterns one has to look for a consistent choice of match- 
es. Let Pl and P2 be neighboring patterns in S. A match- 
ing of P1 to P1 in Twill be called consistent with a match- 
ing of P2 to P2 if for their centers c(P) it holds that the 
edges c(Pl) c(P2) and c(P;) c(P;) are (I.', a')-similar. 
Here, we have to enlarge the tolerance bounds to reflect 
the fact that for each single pattern P, the matching can 
stem from the list Distort (P,). 

a 

b 

2.2.8 implementation and user interface 

The spot detection and matching algorithms have been 
implemented and are part of the Carol software system 
[36, 371. It has essentially two parts: The first part, the 
combinatorial and geometrical kernel of the matching al- 
gorithms, has been implemented in C++. It makes essen- 
tial use of the Standard Template Library (STL) and of the 
Computational Geometry Algorithms Library [38]. The lat- 
ter library provides several geometric data structures and 
functions and especially an implementation of the incre- 
mental Delaunay triangulation. The second part of the 
Carol system is the graphical user interface which has 
been implemented in Java. It can be run as an applet 

The communication with the matching program part is es- 
tablished via Internet sockets, whereby the C++ program 
works as a server which waits for matching requests from 
the Java client, performs the computation, and eventually 
sends the results back to the client. The program will be 

c 

started out of an Internet browser or as an application. d 

Figure 8. Steps of the spot detection using the WST 
for a selected part of the HEART-2DPAGE gel image. (a) 
Original image; (b) gradient image; (c) WST with a strong 
over-segmentation (mosaic image); (d) localization of 
spot regions; (e) merging of spot regions according to the 
merging criteria. e 
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eligible to match gel images from 2-DE databases all over 
the Internet. This feature is strongly supported by the pos- 
sibility to run the user interface as an applet and, further- 
more, by the client-server architecture of the program. 
The user has the possibility to open GIF images from any 
2-DE databases, to carry out the spot detection, to per- 
form a local matching between the source and target im- 
age, and to set parameters like tolerance bounds, pattern 
size, etc. The software system can be launched under 
http://gelmatching.inf.fu-berlin.de. The local matching al- 
gorithm implemented on a Sun Sparc Ultra l computes 
the best nine matches for a pattern of eight spots in about 
3 s, including the preprocessing of a 3000 spot target im- 
age. Each further pattern in the list Distort (0 increases 
this time by about 0.3 son average. 

and merged if merging criteria are fulfilled (Fig. 8e). The 
majority of spots is well detected. Difficulties arise in satu- 
rated spot regions, streaks, and from graphic overlays of- 
ten seen in WWW images. In order to evaluate our algo- 
rithm we compared it with a Gaussian fitting spot 
detection algorithm used by the PDQuest system. The 
same gel image was scanned and spots were detected 
using this system. Figures 9a, b shows the result of that 
comparison for a part of the gel image. We could observe 
that our algorithm detects more spots in regions consist- 
ing of several overlapping spots and streak regions. Using 
the matching software under the graphical user interface 
Carol (Fig. lo), local matchings between gel images from 
the HEART-2DPAGE and HSC9DPAGE databases were 
performed and, indeed, most of the matching results 
found are consistent with protein-chemical identification. 

3 Results 
4 Discussion 

The spot detection using WST was tested for the original 
2-DE gel images of the heart protein databases HEART- 
2DPAGE and HSC-2DPAGE downloaded from the Inter- 
net. For a selected part of the HEART-2DPAGE gel im- 
age the steps of the spot detection according to the princi- 
pal scheme shown in Fig. 1 are illustrated in Fig. 8a-e. 
After the WST (Fig. 8c) the gel image (mosaic image) is 
strongly over-segmented. After preprocessing by gray 
value thresholding, spot regions are localized (Fig. 8d) 

a 

For our geometric matching approach we developed a 
new spot detection algorithm using the watershed trans- 
formation. By employing feature extraction methods for 
spot regions we overcome the over-segmentation difficul- 
ties inherent in the WST. Like every spot detection algo- 
rithm, our approach also has its advantages and draw- 
backs, the latter pertaining especially to the detection of 
faint, overlapping, or saturated spots. Although the major- 

Figure 9. Comparison of (a) the WST algorithm with (b) a Gaussian fitting spot detection algorithm used by the PDQuest 
system. 
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Figure 10. The Carol user interface applied to the comparison of images from the HEART-PDPAGE (source) and HSC- 
2DPAGE (target) databases. The search pattern (+) given in the source image and the corresponding pattern after the 
matching. For one match (X) the SWISS-PROT AC found in both databases is shown to illustrate the correctness of the 
matching result. 

ity of spots are well detected, some false results still ap- 
pear; we therefore plan to include a spot editing tool into 
the Carol system. This will offer the possibility of interac- 
tively correcting false results. 

We have presented the underlying ideas for an algorith- 
mic solution of the local matching problem of 2-D patterns 
of protein spots in electrophoretic images. Its main fea- 
tures are: (i) Local matches for a source pattern are found 

in the target image without knowledge of its context. 
(ii) The local matching algorithm works for patterns con- 
sisting of the locally most intensive spots. There are 
standard techniques (e.g. point location combined with 
affine approximation and nearest-neighbor search) that 
extend the solution to other spots. (iii) The local matching 
algorithm can be used as a basic step for the global 
matching problem for gel images. In fact, local matching 
is then used like a landmark setting. (iv) The central idea 
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for the algorithm stems from the use of the extended his- 
tory of the incremental Delaunay triangulation, which 
proved to be a suitable structure for the local matching 
problem because of its expected linear size and its ro- 
bustness in the presence of noise. (v) The transformation 
of the absolute intensity values to a discrete intensity inte- 
ger, and the use of a discrete threshold, enable a match- 
ing approach that has only a weak dependence on the ab- 
solute densitometric resolution (gray-values). 

The spot detection using WST and the local matching ap- 
proach support the automatic comparison of gel images 
stored in different WWW 2-DE databases. Further work 
will be especially aimed at improving and refining an algo- 
rithmic tool for the global matching task between gel im- 
ages as provided by other gel analysis systems like Mela- 
nie, PDQuest, etc. Finally, it is conceivable that our 
approach can be used for other applications dealing with 
similar matching-type problems. 
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1 Introduction 

Mining protein data from two-dimensional gels: 
Tools for systematic post-planned analyses 

There is a considerable need to develop comprehensive, systematic mechanisms to 
analyze the vast number of proteins that orchestrate various cellular functions and to 
identify proteins associated with disease or that are affected by pharmacological 
agents. Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) continues to 
be relied upon to analyze protein constituents of cells and tissues. We have developed 
a Laboratory Information Processing System (LIPS) as a computer-based tool for cap- 
turing quantitative and qualitative changes in thousands of proteins detected in 2-D 
gels of various types. Protein databases have been developed to serve as a repository 
for data processing of the basic and derived data and of findings derived from different 
studies. There have been remarkable advances both in database technology as well 
as in the computer hardware that have benefited our effort at mining protein data from 
2-0 gels. We here review our current efforts aimed at improving the performance and 
features of our 2-D related protein databases, with particular emphasis on the tools we 
utilize for database mining via a systematic analysis of information known as post-plan- 
ned analysis. 

Keywords: Database I Data mining / Protein / Internet / Two-dimensional polyacrylamide gel 
electrophoresis 

High-resolution two-dimensional polyactylamide gel elec- 
trophoresis (2-D PAGE) currently provides the most com- 
prehensive analysis system of the whole proteome. A 
systematic analysis of the human proteome by 2-D PAGE 
requires computer-based tools to process gel images, to 
construct protein databases, and to retrieve qualitative 
and quantitative information pertaining to experimental 
design, samples, gels, spots, matches, conclusions, find- 
ings, biological identifiers, etc. Previous tools we have 
utilized are described in several publications [l-31 and 
biological data derived from our database analyses have 
led to numerous findings [+lo]. The objective of our 2-0 
related database effort is to build database applications 
that will contain data on many thousands of 2-D gels al- 
ready produced in our laboratory (currently numbering 
over 30 000). The requirements of the database are: 
(i) store basic data and images for our (currently 
> 30 000) 2-D gels; (ii) store data derived from the basic 
data and images; (in) provide queries to retrieve and ana- 
lyze the existing basic and derived data; (iv) provide ac- 
cess to data in various forms, text, image, relational ta- 
bles, etc.; (v) provide a user-friendly, flexible user 
interface, including a web-based interface that allows in- 
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vestigators to search for, and discover, new data, facts 
and findings. 

Traditionally, biological investigations are undertaken as 
a top-down, stepwise process. Such a process treats bio- 
logical data as “static”, i.e., relatively unchangeable. How- 
ever, in reality, biological research is an iterative, incre- 
mental process; particularly in the case of investigations 
that rely on the analysis of complex patterns as in the 
case of protein 2-D gels. Thus important requirements of 
our 2-D-related protein databases are flexibility and scale- 
ability in order to allow multiple iterations and to provide 
extended capability for subsequent reinvestigations of 
previously prepared 2-D gels (i.e., the step referred to as 
post-planned analysis). Using Virtual” gel analysis, an in- 
vestigator may query our databases for particular findings 
and use the results of this query to reinvestigate gel im- 
ages, possibly regrouped from different prior investiga- 
tions, to generate a new set of derived data and/or find- 
ings. 

Our protein databases contain all of the information gath- 
ered for a particular protein, for a particular cell type from 
particular projects undertaken in our laboratory. These 
databases currently consist of a database pertaining to 
secreted proteins analyzed by 2-D PAGE, a 2-D-related 
lymphoid protein database, and a 2-D-related cancer pro- 
tein database. The user interface, which includes a World 
Wide Web access, provides the capability to view new 
and analyzed data from all the databases in a uniform, 
seamless fashion, including linking with other databases. 

From Genome to Proteome: Advances in the Practice and Application of Proteomics 
Edited by Michael J Dunn 
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use samples derived from or subject from cell lines, and 
usually involve study samples as well as controls. Sam- 
ples are frequently processed into more than one gel. For 
example, an investigation may involve 20 single cell-de- 
rived clones of a cell line and each clone is processed in 
duplicate. In this case, 40 study images are processed 
and matched to the master image, and collectively are 
considered to belong to the investigation. 

Lemkin [ l l ,  121 described a method for the sharing of in- 
formation based on the reference images. 

2 Database 

2.1 Database model 
Our database model considers the following: (i) Data col- 
lection using spot detection and matching software (i.e., 
spot list, matched spots) is always incomplete relative to 
image data in that not all spots are detected and not all 
spots are matched. (ii) The quality of the results depends 
on the quality of data. If the quality of data collected is 
judged not acceptable, then it is necessary to recollect 
data, i.e., collect more accurately or more thoroughly. 
(iii) Judgement rules and decision-making processes are 
not clearly defined. Analysis is open-ended. The protein 
databases are the central repository for data processing 
and information analysis. Their value stems from the ca- 
pability to track changes in protein expression and post- 
translational modification across many samples and to 
derive quantitative and qualitative information about pro- 
teins detected in 2-D gels. Our protein databases encom- 
pass four main areas. These are: (i) study design area, 
(ii) image analysis and matching area, (iii) conclusion 
area, and (iv) biology knowledge area. A top-level view of 
the areas and relationships is shown in Fig. 1. Each of 
these is decomposed into basic entities and relationships. 

. 

2.1.1 Study design area 

Investigations undertaken using 2-D gels, as with other 
studies, are generally intended to address a particular hy- 
pothesis. In the case of 2-D gels, hypotheses relate to 
new biological knowledge about proteins. Data in the 
study design area specify what, and how, biological sour- 
ces and different types of samples are selected, how 1-D 
and 2-D gels are processed, and what, and how, protein 
data are collected and analyzed. All studies undertaken 

I -  

Figure 1. Entities and relationships of protein databases 

2.1.2 Image analysis and matching area 

This area includes image acquisition, spot quantification, 
and matching. Image acquisition is the process in which 
2-D gels are digitized and image files produced from den- 
sitometric data or a Phosphorlmager "count" type of data, 
usually consisting of 1024 by 1024 pixels (8 bitdpixel). 
Spot detection and quantification result in the spot data 
for an image with spot numbers, X and Y coordinates, 
and intensity; the spot lists are collected and stored in 
spot files. Matching means each spot in an image (study 
or master) is matched to a spot (real or virtual) on a next 
higher level master. Each image may be matched to one 
or more master images and a master image may be used 
as a match for two or more images. Each master image 
(with the exception of one) is matched to a higher-level 
image and each master image may be used as a match 
for two or more lower-level images. The number of im- 
ages matched to the master image is limited to the num- 
ber of images within the same predefined hierarchy after 
running spot detection and matching software. 

2.1.3 Conclusion area 

This area covers the findings and investigations are re- 
corded once for all images within the same predefined 
hierarchy after running data analysis and statistical soft- 
ware. An investigation results in one or more conclusions 
and a conclusion may involve one or more protein spots 
catalogued in a master image as well as one or more enti- 
ties from the study design and image area. 

2.1.4 Biology knowledge area 

The data obtained from a study may contribute knowl- 
edge about particular known proteins such as their in- 
volvement in a disease or in the cellular effect of a particu- 
lar drug. This area provides for identifying and relating the 
protein spot on a master image to one or more known bio- 
logical identifiers such as protein name, expression, etc. 

2.2 Database schema 

The schema for a particular database is derived from the 
top level Meta model, outlined above (Section 2.1) by 
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identifying the specific entities, attributes, and relation- 
ships needed for the investigations. In addition, the pro- 
tein databases are designed to provide for the following 
requirements: (i) Accept data in a form that is recorded by 
image processing software, i.e., attribute values. (ii) Allow 
simple queries (be., number of spots detected or numer of 
spots matched) to be processed. (iii) Allow complex quer- 
ies (Le., virtual matching or outside data linking) to pro- 
vide the means for testing hypotheses and deriving new 
knowledge. The relational schema for the protein data- 
base is given in Fig. 2. The database needs to provide a 
suitable structure for deriving relationships for pairs of im- 
ages. In the database, an image belongs physically to a 
hierarchy (a hierarchy means that matching is done and 
the findings are recorded); however, it can be virtually 
categorized or classified in many different ways. 

The “front e n d  analysis software running on SUNS sup- 
plies the data by F fP  or direct file transfer. The data con- 
sists of: 

1. For each (study) image: 
(1) The image is in TIFF (or other) format 
(2) image data 

ImagelD 
Imagetype 
Master image ID 
Other values (e.g., gel processing, comments, etc.) 

(3) A spot list that consists of an entry for each spot 
Spotnumber 
Spottype 
Xand Ycoordinates 
Other values, such as integrated intensity, etc. 
Master spot number 

(4) Sample data 
Sample number 
Sample identity, location, gel creation, loading, and 

storage 
Experiments (Le., differentiation/activation) 
Cell type (Le., TK-6 cell line or sheep-PB monocytes) 
Treatments (Le., not treated, day 3 control okt 3) 
Fraction (i.e., whole cell) 

2.  For each master image 
(1) The image 
(2) Master image data 

Master image ID 
Other values (e.g., comments) 

(3) A master spot list that consists of one entity for each 
spot 

Master spot number 
Xand Ycoordinates 
Other values (e.g., protein data pointer) 
Real or virtual 
(if virtual, it is necessary to know which image or im- 

ages it came from) 
Remarks, findings 

Erperlment 
erp-code 
erp-dew gelld-no 
erp-flle cistl-no 

Study Sllaplr runt-no 
sample-no sample-no , sample-no 
vol-load exp-code dale 
#el2d_no cell-code cell-count 
wldlh 

‘U 
ielld-no 
caall-no 

comment group-no 
comment 

Exp deile 

apot-no name 
deilg-Id keyword 
flndlng exp-date 
explaln-Id ge12d-no 

Figure 2. Schema of protein 
databases 
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Fast connection: A fast communication connection ( ie . ,  
100 Mbps) is required to transmit images and data to 
remote access. 
Web browser: A Java-capable web browser is required to 
execute Java applets. 
High screen resolution: Computers which have a high 
screen resolution (be., 1280x1024 SVGA for the best 
result) are required to display images on screen. 

(4) Protein data 
A protein name/description field 
A list of the known synonyms in our protein databases 

as well as other external databases 
A list of the accession numbers for the gene in Gen- 

Bank, PIR-International, SWISS-PROT, YEPD (Yeast 
Electrophoretic Protein Database), etc. 

A list of the attributes of protein such as the calculated 
isoelectric point (pl) and molecular weight (MJ. 
0 The protein sequence data that are useful for confirma- 
tion of the identity of the protein. 

3 Computing platforms 

3.1 The network architecture 
Computer hardware platforms have been continuously 
evolving and the performance and power has been dra- 
matically improved. The reduced cost of powerful work- 
stations, large capacity of hard disks and tapes, improved 
quality of scanners, and fast speed of networks, and other 
technologies make it possible to perform real-time win- 
dow-based applications of displaying and processing text, 
voice, graphics, images, and other types of massive data. 
Distributed computing platforms, for example network 
protocols like TCP/IP, inter-network architecture like Inter- 
net, and distributed application architecture like Client/ 
Server, allow investigators to use heterogeneous comput- 
er hardware, operating systems and networks and allow 
interaction with other geographically distributed sites. Fig- 
ure 3 represents a top-level view of computer hardware 
platforms and network architecture that are used in our 
studies to develop and implement systems of interest by 
using increased computing power, capacity, and speed of 
computers and networks. 

Powerful computer: Sufficient memory (i.e., 128MB) and 
computing power are required to load multiple images at 
a time. 

3.2 System architecture 

Integrated development computer tools are used to de- 
sign applications, to develop programs, to build user inter- 
faces, to test both programs and interfaces, and then im- 
plement and configure software into the Run Time 
Environment. System development over the last few 
years has moved from proprietary content to open con- 
tent. Creating state-of-the-art systems required under- 
standing of computing platform and network architecture, 
mastery of programming language and integrated devel- 
opment tools. System architecture is shown below 
(Fig. 4). 

Development software: There are several ways to devel- 
op software. The state-of-the-art technology provides an 
Integrated Development Environment (IDE) that supports 
a system development life cycle of design, program, test, 
and implement software. 
RDBMS: There are several ways to manage and store 
data. Our protein databases use a relational database 
management system (RDBMS). 
Web server: We use a Web server to host internet data- 
base applications to allow remote access to data from the 
database and to images from the image repository. 
NT server: NT server is our operation system. It allows us 
to use a password protection to access data from the da- 

Figure 4. System architecture Figure 3. Network architecture 
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tabase and to retrieve images from the image repository. 
Image repository: The image files are stored on our own 
Web server. Web servers are installed on a Microsoft 
Windows-NT, which is connected to the Internet via TCP/ 
IP. Image formats: We generate JPEG files for 2-D gels 
and they are reduced in size to shorten transmission 
times. Image loading times: Image loading may take a 
long time since it needs to download the JPEG files from 
the Internet. 

4 Application development 

4.1 Application architecture 
The application consists of: user interfaces running on a 
web browser, functions running on a web server, data 
stored in a database, and images stored in a repository 
(see Fig. 5; application architecture). Functionalities avail- 
able in the application are: (i) search functions, (ii) display 
functions, (iii) image enhancement functions, (iv) virtual 
matching functions, and (v) common image processing. 

4.2 Database query 
The aim of post-planned analysis is to extract nontrivial, 
implicit, previously unknown and potentially useful infor- 
mation from databases. Post-planned analysis may be re- 
ferred to as data mining and knowledge discovery [13- 

I II I 

Figure 5. Application architecture 

161. An important feature of our protein databases is that 
all images are matched to masters in one hierarchy so 
that: (i) there is only one Master Image that is not match- 
ed to any other master image; (ii) every study image is 
matched to one master image; (iii) every master image is 
matched to one (higher) master image. This allows post- 
planned analysis that uses the basic experimental data 
and derived data from a study and investigates a value 
beyond the context originally planned for in the study de- 

Figure 6. Search by bio- 
logical identifiers 
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Figure 7. Display im- 
ages 

ture of the database. Other investigators that retrieve data 
and formulate queries to test hypothesis and establish 
conclusions do not require extensive familiarity. A user- 
friendly interface that guides investigators through the ar- 
chitecture is useful for both groups. These users can en- 
ter the attributes in three ways. (i) Biological identifiers: 
The users are able to obtain a list of all biological identifi- 
ers for which data exists in the database and then be 
guided through relevant data by a series of queries that 
list the appropriate master images (see Fig. 6: search by 
biological identifiers). (ii) Source materials: The users can 
obtain a list of source characteristics in four major catego- 
ries: experiment code, cell type, treatment code, and frac- 
tion code. The users can select a combination of some 
characteristics in one or more of these categories. (iii) Se- 
lecting spots on an image. 

sign. Post-planned analysis is made possible because 
the database has indexing mechanisms that can relate a 
spot to any gel in the hierarchy. 

The database application will provide the following types 
of queries: (i) given a spot on a master, find all spots that 
are matched to it, (ii) given a spot on a study or master im- 
age, find all spots that match it, (iii) given a value for a bio- 
logical identifier attribute, find all spots with that value, 
(iv) given a spot on a study or master image, find all con- 
clusions in which it is involved. 

The criteria are as follows: (i) the term ”all” in the queries 
can be subject to any criteria involving “source” or “inves- 
tigation” values; and (ii) the term “spot” in the queries can 
be replaced by a set of two or more spots. 
The queries will also report negative information: (i) when 
images that satisfy the criteria exist but no spot was 
found: and (ii) when there are no images that satisfy the 
criteria. 

4.3 World Wide Web user interface 

Investigators that add images and other related data to 
the database are presumed to be familiar with the struc- 

4.3.1 Displaying multiple images across the 
Internet 

The search functions allow investigators to search the 
protein database and display 2-D protein electrophoretic 
gel images on the user’s web browser. A sample web 
page is shown in Fig. 7. One first specifies search criteria 
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for the images (Le., biological identifiers or source materi- 
als), followed by pressing the “display images” key to gen- 
erate a list of images (see Fig. 7: display images). 

4.3.2 Comparing multiple images across the 

The protein databases web application provides a method 
for comparing multiple 2-D gels on a user’s web browser. 
It allows us to compare multiple images visually and to 
enhance them in various ways such as smoothing, 
stretching, enhancement, transformation, and other im- 
age processing operations. These gel images can be 
zoomed in and the displaying screen can be scrolled. It 
allows loading all gel images from our image repositoly 
based on search criteria specified. A sample web page is 
shown in Fig. 8. 

Internet 

4.3.3 Clicking spots of interest to view related 

A section containing a spot of interest can be magnified 
and centered in the magnified image by clicking on the 

information 

Figure 8. Compare im- 
ages 

desired spot. Clicking the spots allows viewing the protein 
information recorded. A sample web page is shown in 
Fig. 9. 

4.3.4 Clicking spots of interest to match 

The same spot can be matched in multiple images by 
clicking on the desired spot. This results in virtual match- 
ing of the images selected and the resulting information is 
recorded. A sample web page is shown in Fig. 10. 

4.4 Virtual matching algorithm 

An investigator designs a study, runs samples based on 
the study design, collects images for a biological study, 
selects pairs of images for matching, and specifies a se- 
quence of matching. Then one matches all spots in the 
study images to the master spots in the master images 
within a defined hierarchy. In addition, a manual visual 
verification and match editing process needs to be carried 
out with human capability of visual inspection and knowl- 
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edge-based reasoning. It is an exhaustive, time-consum- 
ing process and requires a great deal of manual effort for 
performing many iterations of this image matching proc- 
ess. 

The major objects for grouping information are the master 
images. The first step will usually be for a user to deter- 
mine which master images are relevant to their interests. 
In the database, every study image is matched to one 
and only one higher level master image. It is therefore 
possible in post-planned analyses to create virtual match- 
ing by selecting an arbitrary set of study images and cre- 
ating virtual masters. This enables an investigator to cre- 
ate a virtual experiment and hence perform the same 
sequences to determine new findings and conclusions. 

4.5 Outside data linking 

To expand the capabilities of the databases generated by 
one group, it is necessary to link data to outside databas- 
es. A link to databases such as MEDLINE, GenBank, 
SWISS-PROT, PIR, PDB, OMIM, UniGene, Genecards, 
etc. is simple. However linking 2-D databased generated 

Figure 9. View pro- 
tein data 

by other groups is much more complicated and requires a 
great deal of effort to insure accuracy. 
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Effects of interferon gamma on Chlamydia 
trachomatis serovar A and L2 protein 
expression investigated by two-dimensional 
gel electrophoresis 

Chlamydia trachomatis is an obligate intracellular bacterium causing human ocular 
and genital disease. The lymphokine interferon gamma (IFN-y) is an important immune 
effector exerting antimicrobial effects towards several intracellular parasites, the chla- 
mydia included. IFN-y has been reported to inhibit the chlamydial replication in vitro in 
part by depleting intracellular levels of tryptophan in a dose-dependent manner. In 
addition, down-regulation of important immunogens has been described. These find- 
ings are extended in this paper, in which we are combining pulse labeling with 
[35S]methionine and two-dimensional gel electrophoresis with immobilized pH gradi- 
ents in order to investigate changes in the protein expression of C. trachomafis serovar 
A and L2 caused by treatment with IFN-y. In contrast to what was observed in C. tra- 
chomatis L2, our results showed that, in C. trachomatis A, down-regulations of the 
chlamydia major outer membrane protein and of several other proteins were detectable 
upon IFN-ytreatment. In addition, we report the up-regulations of C. trachomatisA and 
L2 proteins with molecular masses of approximately 30 kDa and 40 kDa which may be 
part of an, as yet, uncharacterized chlamydial response to IFN-y treatment. 

Keywords: Chlamydia trachomatis / Interferon gamma / Two-dimensional polyaclylamide gel 
electrophoresis / Immobilized pH gradient / Pulse labeling EL 3406 

1 Introduction 

Chlamydiae is a family of Gram-negative, obligate intra- 
cellular bacteria. Chlamydia trachomatis is currently divid- 
ed into 14 serovars; serovar A-C is the major cause of 
preventable blindness (trachoma), serovar D-K is respon- 
sible for sexually transmitted disease and serovar Ll-L3 
inflicts the systemic disease lymphogranuloma venereum. 
Chlamydia is characterized by a developmental cycle, 
which alternates between two morphologically distinct 
forms, the infective, but metabolically inert elementary 
body (EB) and the noninfectious, replicative and metabol- 
ically active reticulate body (RB). Upon attachment to the 
host cell membrane, EB induce their own phagocytic up- 
take. Shortly after entry, the structural integrity of the chla- 
mydia membrane changes, leading to a transformation of 
EB to RB, which utilize host cell nutrient and divides by bi- 
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jor outer membrane protein; OMP2.60 kDa outer membrane pro- 
tein; RB, reticulate body 

nary fission in a specialized phagosome called the chla- 
mydial inclusion. After a period of growth the RB reorgan- 
ize into EB, and at the end of the cycle a new generation 
of infectious progeny is released upon disruption of the 
host cell [l]. 

Interferon gamma (IFN-y) is a potent immunoregulatory 
protein, synthesized by activated T-lymphocytes and NK- 
cells and plays a major role in the control of chlamydial 
diseases. IFN-y added prior to infection inhibits the multi- 
plication of C. trachomatis in human cell lines in a dose- 
dependent manner [2]. IFN-y applied at the time of or after 
infection results in a persistent state at which the RB are 
morphologically abnormal and unable to reorganize into 
EB [3]. The appearance of atypical chlamydial forms was 
associated with a down-regulation of the important chla- 
mydial immunogens, the major outer membrane protein 
(MOMP), the 60 kDa outer membrane protein (OMP2), 
and chlamydial LPS. In contrast, the expression of the 
chlamydial GroEl (homolog to the eukaryotic 60 kDa 
heat-shock protein) was unaltered. This suggests an 
important role for IFN-y in persistent infections with C. tra- 
chomatis, where the Chlamydiae are maintained for a 
long period of time in a resting, but viable state [3]. In hu- 
man cell lines, the depletion of endogenous tryptophan 
correlates with the inhibition of Chlamydiae [4-8], and re- 
moval of IFN-y or exogenous addition of tryptophan is 
able to restore the normal chlamydial developmental cy- 
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cle [9, 101. IFN-yis responsible for the up-regulation of the 
enzyme indoleamine 2,3 dioxygenase (IDO), which cata- 
lyzes the breakdown of tryptophan to Kformylkynurenine 
[ l  11, thereby restricting the availability of this amino acid 
for the chlamydia [4, 12-14]. However, the extent and the 
mechanisms by which the chlamydial replication is inhibit- 
ed depends on the species, the serovar, and the host cell 
line used, indicating that additional factors are involved 
[15, 161. In this study we investigated IFN-?specific 
changes in protein expression of C. trachomatis A and L2 
by high-resolution two-dimensional immobilized pH gra- 
dient polyacrylamide gel electrophoresis (2-0 PAGE 

A. C. Shaw, G. Christiansen and S. Birkelund 

(IPG)). 

2 Materials and methods 

2.1 Bacteria and host cells 
HeLa 229 cells were obtained from the American Type 
Culture Collection (ATCC, Rockville, MD, USA). Cells 
were cultivated at 37OC in a 5% COP atmosphere in RPMl 
1640 (Gibco BRL, Grand Island, NY, USA) containing 
10% fetal calf serum (FCS; Gibco BRL) and 10 pg/mL 
gentamicin and were found free of mycoplasma by 
Hoechst No. 33258 staining. C. trachomatis serovar Al 
HAR-13 and C. trachomatis serovar L2 (434/Bu) were ob- 
tained from ATCC. 

2.2 Indirect immunofluorescence microscopy 

Semi-confluent monolayers of HeLa cells were infected 
with one inclusion forming unit (IFU) of C. trachomatisse- 
rovar A or serovar L2 as described [17]. Cells were 
washed twice in PBS and fixed in methanol 24 h post 
infection (h.p.i.). Chlamydiae were visualized, using a 
monoclonal antibody (mAb 32.2) directed against the 
C. trachomatis MOMP. A fluorescein isothiocyanate-con- 
jugated goat anti-mouse monoclonal antibody (DAKO, 
Glostrup, Denmark) was used as secondary antibody. 

2.3 Puiselabeiing with [35S]methionine 

Semi-confluent monolayers of HeLa cells were infected 
with 1 IFU of C. trachomatis serovar A or serovar L2 in a 
medium containing RPMl 1640, 25 mM HEPES, 10% 
FCS, 1% w/v glutamine, 10 pg/mL gentamicin (serovar A) 
or RPMl 1640, 25 mM HEPES, 5% FCS, 1% w/v gluta- 
mine, 10 pg/mL gentamicin (serovar L2) with or without 
addition of 100 U/mL human recombinant IFN-y (Endo- 
gen, Woburn, MA, USA). For detection of chlamydial pro- 
tein synthesis a methionine/cysteine-free RPMl 1640 
medium containing 10 pg/mL gentamicin, 40 pg/mL cyclo- 
heximide, 100 pCi/mL [35S]methionine/cysteine (Promix, 
Amersham, UK) with or without addition of 100 U/mL IFN- 

ywas used. In an additional experiment 200 pg/mL L-tryp- 
tophan (Merck, Darmstadt, Germany) was added, togeth- 
er with IFN-y, to the infection medium and the labeling 
medium. At the end of each labeling period, cells were 
washed in PBS and loosened with a rubber policeman in 
a lysis buffer containing 9 M urea, 4% 3-((3-cholamidopro- 
pyl)dimethylammonium]-1 -propanesulfonate (CHAPS), 
40 mM Tris base, 65 mM DTE and Pharmalyte 3-10 (Phar- 
macia Biotech, Uppsala, Sweden). Samples were soni- 
cated and centrifuged at 10 000 x gfor 10 min. Superna- 
tants containing the labeled chlamydial proteins were 
stored at -7OOC until used. 

2.4 Two-dimensional gel electrophoresis with 

For isoelectric focusing 18 cm long nonlinear immobilized 
pH 3-10 gradient drystrips (Pharmacia) were used. Each 
strip was soaked overnight with a 35S-labeled sample in 
lysis buffer by means of a reswelling tray (Pharmacia). 
The amount of 35S-labeled chlamydial protein was adjust- 
ed to 150 000 cpm per strip. Rehydrated strips were run 
in the first dimension at 300 V for 1 h, 400 V for 1 h, 500 V 
for 1 h, 3500 V for 3 h, and 5000 V for 24 h at 15OC. After 
the focusing was completed the strips were equilibrated in 
a buffer containing 6 M urea, 30% w/v glycerol, 2% w/v 
SDS, 0.05 M Tris-HCI, pH 6.8, and 2% w/v DTE for 
15 min. The strips were subsequently equilibrated for an 
additional 15 min in a buffer in which DTE was replaced 
by 2.5% w/v iodoacetamide. In the second-dimensional 
run the proteins were separated on 9-1 6% linear gradient 
SDS-polyacrylamide gels (18 cm X 20 cm X 1 mm) until 
the bromophenol blue front reached the bottom of the gel. 
Gels were fixed in a solution containing 10% acetic acid 
and 25% 2-propanol for 30 min, treated with Amplify 
(Amersham, Uppsala, Sweden) for 30 min and vacuum- 
dried before exposure to Kodak Biomax MR X-ray films. 

immobilized pH gradient 

2.5 Computer analysis 

X-ray films exposed for different time lengths were 
scanned on an HP Scanjet 3cK. Analysis of changes in 
protein synthesis due to IFN-y and estimation of p//M, 
coordinates for proteins was done using the Melanie II 
software (Bio-Rad, Richmond, CA, USA). 

3 Results 

3.1 Pulselabeling and 2-D PAGE (IPG) of 
C. trechomatis proteins 

C. trachomatis A or L2 infected HeLa cells were either 
treated or untreated with 100 U/mL IFN-yat the time of in- 
fection and pulselabeled with [35S]methionine/cysteine 
10-12 h.p.i. and 22-24 h.p.i. Cycloheximide, an inhibitor 



Effects of interferon gamma on C. trachomatis protein expression 197 - non-linear IPG 3-10 

- . .'.: 
I .  

EF.1" 

. -  

. .  
- IFN 

Mw 

H 

Figure 1. Two-dimensional gels (IPG 3-10 nonlinear) of 
[35S]methionine/cysteine-labeled C. trachomatis serovar 
L2 (A and B) and serover A (C and D) proteins at 
24 h.p.i., treated with (+) or without (-) IFN-y. Arrows 
show the positions of the abundant chlamydial proteins 
MOMP, DnaK, GroEl, EF-TU (elongation factor Tu) and 
the ribosomal protein S1. (B) Ul-L2 and U2-L2 and (D) 
U1-A, U3-A, U4-A show the position of up-regulated pro- 
teins and D2-A, D3-A down-regulated proteins in the two 
serovars due to IFN treatment. 

of eukaryotic protein synthesis, was added to prevent in- 
corporation into HeLa cell proteins. Two sample prepara- 
tions were prepared per experimental condition. Samples 
containing the labeled proteins from the two serovars 
were separated by 2-D PAGE (IPG) resulting in high-res- 
olution 2-D gels as exemplified in Fig. 1. Incorporation of 
[35S]methionine/cysteine into host cell proteins was esti- 
mated from 2-D gels with proteins from uninfected HeLa 
cells treated or untreated with IFN-y and labeled without 
addition of cycloheximide. We observed eight HeLa cell 
proteins (three of which were the abundant proteins actin, 
P-tubulin, and a-tubulin) that could be detected on 2-0 
gels with the labeled chlamydial proteins. These were 
predominantly visible on 12 h.p.i. gels, presumably due to 
low metabolic activity of the chlamydia compared to that 
of the host cell at this stage (data not shown). By means 
of the Melanie I1 software we were able to detect approxi- 
mately 600 labeled C. trachomatis L2 proteins on the gels 
in agreement with the number found on silver-stained gels 
reported by Bini eta/. [18]. Although the two different se- 
rovars result in different diseases the overall protein pat- 
tern for the two serovars was found to be quite similar in 

most areas of the gels (Fig. l A ,  serovar L2 and Fig. lC,  
serovar A). The majority of differences were small devia- 
tions in p//Mr coordinates for some of the proteins. The 
positions of the abundant chlamydial proteins such as 
GroEl, DnaK (homolog to the eukaryotic 70 kDa heat- 
shock protein), MOMP, elongation factor EF-TU and the 
ribosomal protein S1 could be located by comparison to 
the 2-D PAGE (IPG) map of C. trachomatis L2 proteins 
[18] and were used as molecular markers. The cysteine- 
rich OMP2 cluster was only slightly detectable on the gels 
due to the low expression of this protein at 24 h.p.i., but 
could be mapped by comparison to 2-D gels with chlamy- 
dial proteins that were labeled strictly with [35S]cysteine 
(data not shown). 

3.2 Indirect immunofluorescence microscopy 

In order to confirm that a dose of 100 U/mL IFN-y was af- 
fecting the growth of chlamydia, we performed immuno- 
fluorescence microscopy using antibodies directed 
against MOMP. We did not detect any significant changes 
in the morphology of C. trachomatis L2 due to treatment 
with IFN-y (Fig. 2, serovar L2). The inclusions at 24 h.p.i. 
displayed normal morphology of RB and EB regardless of 
IFN-y treatment. In contrast, IFN-y treatment of C. tracho- 
matis A resulted in large abnormal RB, with diffuse cell 
walls, that stained weakly with mAb 32.2 (Fig. 2, serovar 
A). These results are in agreement with previously ob- 
tained results (3, 6, 151. 

with mAbs against MOMP 

Serovar L2 

Serovar A 

- IFN + IFN 

Figure 2. Indirect immunofluorescence microscopy 
showing the morphology of representative inclusions from 
C. trachomatis serovar L2 (upper row) and serovar A 
(lower row) 24 h.p.i., when treated with (-) or without (+) 
IFN-y (IFN). A monoclonal antibody directed against the 
chlamydial MOMP was used as primary antibody. White 
arrows point to the borders of the atypical reticulate bod- 
ies observed in C. trachomatis serovar A. The white bar 
indicates 5 um. 
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3.3 IFN-ydependent down-regulation of 

When 2-D gels of C. trachomatis serovar A proteins treat- 
ed or untreated with IFN-y were compared, the expres- 
sion of MOMP was markedly decreased at 24 h.p.i. 
(Fig. 1 D and Fig. 3, serovar A), when compared to DnaK 
and GroEl expression levels. However, the reduction in 
MOMP levels was already evident after 12 h.p.i., suggest- 
ing that IFN-y is affecting MOMP expression early in the 
developmental cycle of C. trachomatis A (Fig. 3, serovar 
A). Two additional protein spots on the acidic side and in 
proximity to MOMP were co-regulated by IFN-y (Fig. 3, 
open arrows). No significant alterations in MOMP expres- 
sion due to IFN-y treatment were found in C. trachomatis 
serovar L2, neither at 12 nor at 24 h.p.i. (Fig. 1 B and Fig. 
3, serovar L2). 

chlamydial proteins 

Several other proteins displaying variability in coordinates 
on the gels were observed to be down-regulated upon 
IFN-y treatment in addition to MOMP in C. trachomatis 
A at 24 h.p.i, most notably a 130 kDa (D2-A) and a 
38 kDa (D3-A) protein (Fig. 1D and Fig. 4C, D, serovar 
A). In contrast to this finding the corresponding proteins in 
C. trachomatis L2 were not significantly affected by IFN-y 
(Fig. 1 B and Fig. 4C, D, serovar L2). 

3.4 IFN-ydependent up-regulation of chlamydial 

Upon treatment with IFN-y, a pronounced up-regulation of 
one protein, Ul-L2, with the estimated coordinates 42 

proteins 

Serovar L2 Serovar A 

12 h 

24 h 

-IFN +IFN - E N  + E N  

Figure 3. Enlargements from the total 2-DE images in 
Fig. 1 showing changes in expression of the chlamydia 
MOMP compared to chlamydia GroEl and DnaK in 
C. trachomatis serovar L2 (left) and serovar A (right) at 
12 h.p.i. (upper row) or at 24 h.p.i. (lower row) with (+) or 
without (-) treatment of IFN-y (IFN). Note that the down- 
regulation of MOMP due to IFN is evident already at 
12 h.p.i. infection in serovar A, in contrast to serovar L2, 
where no significant regulation is seen, neither at 12 h.p.i. 
nor at 24 h.p.i. 

Serovar L2 Serovar A 

A 

B 

C 

D 

-1FN +IFN -1FN +IFN 

Figure 4. Enlargements from the total 2-DE images in 
Fig. 1 showing up-regulated (A and B) and down-regulat- 
ed (C and D) chlamydial proteins in serovar L2 (left) and 
serovar A (right) upon IFN-ytreatment. (A) Ul-L2 and U1- 
A and a small protein to the acidic side (open arrows) 
were located at the same positions on the gels from the 
two serovars and most likely represents the same protein. 
(8) Although having a similar pl, U2-L2 in serovar L2 was 
located in a molecular mass region - 5 kDa above U3-A 
and U4-A in serovar A. (C, D) The down-regulation of D2- 
A and D3-A is only significant in serovar A. 

kDalpl 7 was observed in C. trachomatis L2 at 24 h.p.i. 
(Fig. 1B and Fig. 4A, serovar L2). The induction of this 
protein was barely detectable as a faint streak on the 2-D 
gels of IFN-yuntreated cells. In C. trachomatis A the up- 
regulation of U1-A was observed at the same coordi- 
nates, indicating that these proteins are identical in the 
two serovars (Fig. 1 D and Fig. 4A, serovar A). A faint spot 
at the acidic side of U1-L2 and U1-A and with the same 
molecular mass was also up-regulated (Fig. 4A, open ar- 
rows). Whether this is another chlamydial protein or a re- 
sult of a post-translational modification remains to be elu- 
cidated. In C. trachomatis L2 another protein U2-L2 with 
the estimated coordinates 29 kDalpl4.6 was strongly in- 
duced by IFN-). at 24 h.p.i. (Fig. 1B and Fig. 48, serovar 
L2). Two proteins, U3-A and U4-A, within the same p l  
region, but in a molecular mass region -5 kDa lower than 
observed for U2-L2, were found up-regulated in serovar A 
(Fig. 1D and Fig. 48, serovar A). We did not detect any 
up-regulation of either Ul-L2, U2-L2, U1-A, U3-A or U4-A 
at 12 h.p.i. and IFN-ytreatment (data not shown). 
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Figure 5. The antagonizing effect of 200 p g h L  exoge- 
nously added L-tryptophan on IFN-pnediated up-regula- 
tion of (A) U1-A, (B) U4-A in C. trachomafis A and (C) U2- 
L2 in C. trachomafis L2. Arrows indicate positions of up- 
regulated proteins upon treatment with IFN-y alone (see 
Fig. 4). 

The map of C. trachomatis L2 is, at the present, not de- 
tailed enough to find the identity of these proteins. How- 
ever, the total genome of C. frachornafis on the NCBl En- 
trez server was recently released (191. In order to search 
for potential protein candidates for the up-regulated pro- 
teins, we used the p//M,., tool [20] from the ExPASy server 
to investigate the molecular coordinates for translated 
gene products from the C. trachomafis genome in the re- 
gion 42 f 4kDalpl f 0.3 in proximity to Ul-L2 and U1-A 
and in the region 29 f 4 kDalpl 4.6 f 0.3 in proximity to 
U2-L2. Interestingly, these investigations showed that 
tryptophan synthase p-chain had the theoretical coordi- 
nates 42.6 kDalp16.79. close to those observed for U1-L2 
and U1-A. The tryptophan synthase a-chain had the theo- 
retical coordinates 28 kDalp/ 4.8, resembling those ob- 
served for U2-L2. If the up-regulation of tryptophan syn- 
thesizing apparatus is a chlamydial response to IFN-y 
induced tryptophan-depletion, then superphysiological 
concentrations of tryptophan in the growth medium 
should prevent this. As depicted in Fig. 5, the up-regula- 
tion of U1-AIL2 and U2-L2 and U4-A is antagonized at 
24 h.p.i. if 200 pg/mL L-tryptophan is added together with 
IFN-y to the growth medium. 

4 Discussion 

Investigations by pulselabeling and 2-D PAGE (IPG) indi- 
cate that the expression of several chlamydial proteins, in 
addition to those previously described, is influenced upon 
treatment with IFN-y. Our results are in agreement with 
the investigations done by Beatty eta/. [3, 6, 101 showing 
the correlation between IFN-y treatment and the develop- 
ment of abnormal RE and MOMP expression in C. tracho- 
matis serovar A. In contrast to our investigations, the 
effect of IFN-y was not monitored at 24 h.p.i. or earlier in 
these experiments. Takikawa et a/. [21] found that ID0 
expression induced by IFN-y was not evident before 24 h 
of treatment in HeLa cells even when using a dose of 
1000 U/mL IFN-y. Interestingly, we did observe an evident 
down-regulation of MOMP already at 12 h.p.i.. indicating 
that tryptophan catabolism alone may not be enough to 

diminish the expression of MOMP. The two proteins in 
close proximity to MOMP were coregulated, but whether 
these were fragments or modifications of MOMP was not 
determined (Fig. 3, serovar A, open arrows). Several pro- 
teins in addition to MOMP were down-regulated in C. fra- 
chomafis A. Two of these, D1-A and D2-A, were not 
affected before 24 h.p.i., suggesting that the host cell pro- 
tein responsible is not significantly induced by IFN-y be- 
fore 24 h. In contrast, we did not observe any significant 
down-regulation of serovar L2 proteins, including MOMP, 
and no changes in the morphology of RE. The last finding 
supports results from similar morphological studies ob- 
tained by Rasmussen et a/. [15] showing merely a de- 
crease in the size of serovar L2 inclusions due to IFN-y at 
24 h.p.i. 

We report here the up-regulation of chlamydial proteins 
due to IFN-y. One - 42 kDal- p/ 7 protein is highly up- 
regulated in both serovars (Ul-L2 in C. frachomatis L2 
and U1-A in C. trachomatis A), suggesting that this is a 
general chlamydial response towards IFN-y. In addition, 
U2-L2 in C. trachomafis L2 and U3-A and U4-A in C. fra- 
chomafis A were also up-regulated. U3-A and U4-A in C. 
frachomatis A migrated to an area -5 kDa lower than U2- 
L2 in serovar L2. The protein pattern in this region differs 
between the two serovars, making them difficult to com- 
pare. Therefore it cannot be excluded that at least one of 
the C. trachornatis A proteins corresponds to U2-L2. 

The C. frachomatis genome, used to find potential protein 
candidates, was established using C. frachomatis serovar 
D. However, restriction endonuclease analysis shows 
close similarity between the different human C. trachoma- 
tis biovars and serovars [22]. In view of the tryptophan de- 
pletion of the host cell induced by IFN-y, the tryptophan 
synthase a- and P-chains must be considered as potential 
candidates for the up-regulated C. trachomafis A and L2 
proteins. These two subunits form the functional trypto- 
phan synthase and have distinct theoretical p//M, coordi- 
nates, which, in turn, resemble those found for the up- 
regulated C. trachomatis proteins on our 2-D gels. In addi- 
tion, none of the up-regulated proteins was detected at 12 
h.p.i. (data not shown), when the induction of ID0 was 
not reported significant in HeLa cells [21]. The host cells 
tryptophanyl-tRNA synthetase is up-regulated in a fashion 
similar to ID0 in many human cell lines [23]. Tryptophany- 
lated host cell tRNA is not usable for prokaryotes, and 
some controversy exists as to whether this provides a 
means of ensuring continued tryptophan for host cell pro- 
tein synthesis during the battle against the intracellular 
parasite [23-251. 

Taken together, our findings strongly indicate that the 
chlamydia may up-regulate its own enzymes necessary 
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for tryptophan synthesis in order to circumvent the trypto- 
phan depletion caused by increased expression of ID0 in 
the host cell. This is supported by the observation that the 
IFN-?dependent up-regulation of these proteins is pre- 
vented by addition of superphysiological amounts of L- 

tryptophan. Exogenously added L-tryptophan antagonizes 
the up-regulation of U4-A but not U3-A, suggesting that 
U4-A in C. trachomatis A might correspond to a low mo- 
lecular mass form of U2-L2 in C. trachomatis L2. 

A. C. Shaw, G. Christiansen and S.  Birkelund 

C. trachomatis L2 is recognized as being more invasive 
than C. trachomatis A. Whether the missing down-regula- 
tion events seen in C. trachomatis L2 are associated with 
the lower sensitivity towards the cellular immune re- 
sponse remains to be elucidated. However, if the lower 
molecular mass of U4-A is due to a truncated version of 
the tryptophan synthase a-chain, the generation of a 
functional enzyme in C. trachomatis A could be impaired, 
resulting in a higher sensitivity towards IFN-y treatment 
compared to C. trachomatis L2. 

The application of 2-D PAGE (IPG) in the analysis of 
changes in chlamydial protein expression due to IFN-y 
has led to the novel findings of regulated chlamydial pro- 
teins. Identification of these proteins by MALDI MS or 
Nsequencing will elucidate their possible functional roles 
in evading the inhibiting effects of the IFN-y-mediated 
host cell response. 
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Cells of Acinetobacter calcoaceticus 69-V, a species able to metabolize a range of ali- 
phatic hydrocarbons and alcohols, were confronted with ethanol, butanol, hexanol or 
heat shock during growth on acetate as sole source of carbon and energy. The primary 
alcohols and the heat shock led to the synthesis of new proteins or amplified expres- 
sion of specific, common and general proteins, which were detected by silver staining 
after two-dimensional gel electrophoresis. Some of the alcohol-inducible proteins were 
identified as heat shock proteins by comparing protein patterns of alcohol-shocked 
cells with those of heat-shocked cells, and by N-terminal amino acid sequencing. DnaK 
was found to be amplified after all treatments, but GroEl only after heat shock and 
ethanol treatment. The N-terminal amino acid sequence of the protein, which was con- 
siderably amplified after alcohol treatment and heat shock, shows homology to HtpG 
(high temperature protein G). Some of the heat shock proteins induced by ethanol dif- 
fer from those induced by butanol and hexanol, suggesting there are at least two differ- 
ent signals for the induction of some heat shock proteins by primary alcohols. This 
could be due to the different localization of ethanol, butanol and hexanol in the mem- 
brane, or because higher cytoplasmic concentrations of ethanol than of butanol or hex- 
anol were applied in these tests in order to keep concentrations of the alcohols in the 
membrane roughly similar. Besides heat shock proteins, a group of proteins were ob- 
served which were only induced by butanol and hexanol, possibly indicating the exis- 
tence of a further defense mechanism against high concentrations of hydrophobic sub- 
strates preventing protein denaturation and membrane damage. 

Keywords: Heat shock response / Primary alcohols / Membrane / Heat shock proteins GroEl / 
DnaK / High temperature protein EL 3367 

1 Introduction 

Bacteria respond to changing environmental conditions 
with the synthesis of specific proteins. The most studied 
mechanism is the heat shock response. The heat shock 
proteins, e.g. DnaK and GroEl, play an important role dur- 
ing "normal" growth of bacteria [l], as well as during 
stress conditions [2]. Their sequences are highly con- 
served. In analogy to a temperature increase, a great va- 
riety of chemicals (e.g., ethanol, antibiotics and heavy 
metals) were found to induce heat shock proteins as well 
[3-51. Changes in the membrane physical state caused 
by heat or lipophilic chemicals (6, 71 were discussed as 
further mechanisms for the induction of the heat shock 
proteins, besides the classical theories involving the ac- 
cumulation of denaturated proteins or the function of 
DnaK as an intracellular thermometer [El. Ethanol has 
been known to induce heat shock proteins for a long time. 
Surprisingly, the effect of higher primary alcohols (the lip- 
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ophilicity of which increases with carbon number) on pro- 
tein synthesis of bacteria has not been investigated. Most 
results showing induction of stress proteins after treat- 
ment with other lipophilic chemicals were obtained with 
organisms which were not able to utilize them as sole 
sources of carbon and energy. Therefore, we chose to 
study stress protein induction by higher alcohols in Acine- 
tobacfer calcoaceticus [9]. This species, which can easily 
be isolated from soil, water, or sewage [lo], is known to 
be able to utilize a number of aliphatic hydrocarbons and 
corresponding alcohols, adapting to growth on these sub- 
strates by changing the composition of its membrane fatty 
acids [ll]. 

2 Materials and methods 

2.1 Bacterial strain, culture conditions, 

Acinetobacter calcoaceticus 69-V was grown at 30 OC in 
100 mL shake flasks in a minimal medium [12] without 
yeast extract containing 5 g/L sodium acetate as sole 
source of carbon and energy. Growth was measured 
spectrophotometrically by monitoring the optical density 
at 700 nm. When the culture reached the early exponen- 

exposure to stress 
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Table 1. Influence of primary alcohols and heat shock on growth of Acinetobacter calcoa- 

D. Benndorf, N. Loffhagen and W. Babel 

cericus and the induction ratio of DnaK 
~~~ ~ 

Added Concentration Concentration Growth rate (“A) Induction ratio 
alcohol (Yo) water [MI membrane [M] of control of DnaK 

2.5 0.543 0.07 68 1.4 
Ethanol 5 1.087 0.13 41 1.9 

7.5 1.630 0.20 Nogrowth 1.4 
0.8 0.108 0.18 58 2.1 

Butanol 1.4 0.189 0.31 12 0.4 
2 0.270 0.44 Nogrowth 0.4 
0.1 0.01 0 0.15 39 1.5 

Hexanol 0.15 0.01 5 0.22 Nogrowth 1.4 
0.2 0.020 0.29 Nogrowth 0.5 

Heatshock - - 22 2.6 

One pg of protein per lane was separated by SDS-PAGE. DnaK was identified on the silver- 
stained gel (gel image not shown) by molecular weight. The bands were quantified using 
the Intelligent Quantifier Software (Bio Image). Membrane concentration of primary alcohols 
was calculated as described by Hahn eta/. [18]. 

- 

Figure 1. 2-D gel of silver-stained proteins of Acinetobacter calcoaceticus grown on sodium ace- 
tate. Spots bordered with a black line represent amplified proteins after various stresses. Numbered 
spots: 1, GroEl; 2, HtpG; 3, DnaK. 
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Figure 2. 2-D gel of silver-stained proteins of Acinetobacter calcoaceticus grown on sodium acetate 1 h 
after a temperature shift from 30 "C to 45 "C. Spots bordered with a black line represent amplified pro- 
teins. Spots marked with "n" represent new proteins. Numbered spots: 1, GroEl; 2, HtpG; 3, DnaK. 

tial phase, the culture was divided and exposed for 1 h to 
45 "C heat shock or one of the following reagents: 2.5- 
7.5% ethanol, 0.&2% butanol, or 0.1-0.2% hexanol. 

2.2 Sample preparation and 2-DE 

The bacteria were harvested by centrifugation for 10 rnin 
at 8000 x g (at 4 "C). They were washed twice with buffer 
containing 50 mM Tris-HCI, pH 7.5, 0.1 rng/mL chloram- 
phenicol and 1 mM PMSF, and resuspended in 0.4 mL ly- 
sis solution containing 50 mM Tris-HCI, pH 7.5, 1 mM 
PMSF, 0.5 mg/mL MgCI2 and 1.2 pUrnL benzonase 
(Merck, Darmstadt, Germany). To prepare cell extracts, 
the cells were disrupted on ice by sonication (Branson 
Sonifier 250). Unbroken cells and cell debris were remov- 
ed by centrifuging at 8000 X g for 10 min. Cell-free ex- 
tracts were stored at -18 "C. The protein content was 

determined using Bradford's method [13]. Cell-free ex- 
tracts containing 60 pg protein were precipitated by addi- 
tion of 1 rnL ice-cold acetone, incubated for 20 min on ice 
and centrifuged at 12 000 x gfor 10 min. The precipitated 
proteins were resuspended in 50 pL of a solution contain- 
ing 10 mM Tris-HCI, pH 6.8, 2% mercaptoethanol and 1% 
Nonidet P-40, and heated for 5 min at 95 'C. Then 350 pL 
of a resolubilizing solution was added, containing 8 M 

urea, 0.5% Nonidet P-40, 1.5% CHAPS, 1% IPG buffer, 
pH 4-7 L (Pharmacia, Uppsala, Sweden), 0.2% dithioery- 
thritol, 1 mM PMSF and 0.002% bromophenol blue. The 
complete solution was loaded on an 18 crn long Immobi- 
line DryStrip, pH 4-7 L, for equilibration overnight. The 
proteins were separated by isoelectric focusing using the 
lmrnobiline DryStrip Kit (Pharmacia) and a Multiphore II 
electrophoresis unit (Pharmacia). The gels were run for a 
total of 71 750 Vh, with the voltage increasing linearly 
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Figure 3. 2-D gel of silver-stained proteins of Acinetobacter calcoaceticus grown on sodium ace- 
tate 1 h after addition of 5% ethanol. Spots bordered with a black line represent amplified proteins. 
Spots marked with "n" represent new proteins. Numbered spots: 1, GroEl; 2, HtpG; 3, DnaK. 

from 500 to 3500 V during the first 5 h and then main- 
tained for 15.5 h at 3500 V. After the isoelectric focusing, 
the gels were equilibrated by gentle orbital shaking, first 
in a solution containing 6 M urea, 30% glycerol, 4% SDS, 
2% DTT and 0.05 M Tris-HCI, pH 6.8, for 15 min and then 
in a solution containing 6 M urea, 30% glycerol, 4% SDS, 

40 mNgel for 4 h and a temperature of 12 'C. After com- 
pletion of SDS-PAGE, the gels were fixed and silver- 
stained as described by Blum et a/. [14]. After staining, 
the gels were dried in a stream of unheated air from a Gel 
Air Dryer (Bio-Rad). 

2.5% iodoacetamide. 0.05 M Tris-HCI, pH 6.8, and a trace 
of bromophenol blue for 10 min. The equilibrated gels 
were stored at -18 OC until used in second-dimensional 
electrophoresis. For the second dimension, the gels were 
loaded onto a layer of buffer containing 0.125 M Tris-HCI, 
pH 6.8, 0.1% SDS and 0.5% w/v agarose adjusted to 
8OoC on 12%T, l%C polyacrylamide slab gels (200 X 

183 x 1 mm) without a stacking gel. The gels were run in 
a Protean II Multi-Cell (Bio-Rad, Richmond, CA, USA) in- 
strument, first at a current of 20 mNgel for 1 h and then at 

2.3 Comparison of 2-0 protein patterns 

The air-dried gels were scanned with a UMAX Power 
Look 2000 scanner with a resolution of 127 pm and a dy- 
namic range of eight bits. The gels were analyzed and 
compared by the Phoretix 2D Full and Phoretix 2D Data- 
base Software programs (NonLinear Dynamics Ltd.). Mo- 
lecular weight and p/ calibration was done using internal 
standards from a 2D SDS-PAGE Standards Kit (Bio- 
Rad). Spots with a twofold, or greater, volume than the 
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Figure 4. 2-D gel of silver-stained proteins. of Acinefobacter calcoaceticus grown on sodium 
acetate 1 h after addition of 0.8% butanol. Spots bordered with a black line represent amplified 
proteins. Spots marked with "n" represent new proteins. Numbered spots: 1, GroEl; 2, HtpG; 
3, DnaK. 

corresponding spot in control gels were considered to be 
amplified. 

2% Bio-Lyte 3-10 carrier ampholytes, and 2% Triton X- 
100. The cathodic electrode solution was 0.02 M NaOH 
and the anodic electrode solution was 0.06% H3P04. The 
gels were run for a total of 9600 Vh, first with a voltage of 

mensional separation, the gels were equilibrated for 45 

2'4 Micropreparative 2-D PAGE, electroblotting 400 V for 16 h and then with 800 V for 4 h, After first-di- and Kterminal sequence analysis 

Cell-free extracts containing 500 l g  of protein were pre- 
cipitated by addition of 1 mL ice-cold acetone, incubated 
for 20 min on ice and centrifuged at 12 000 X g for 
10 min. The precipitate was resuspended in 50 pL of a 
solution containing 8.3 M urea, 3.6% CHAPS, 1.2 mg 
PMSF, 3.6% Bio-Lyte 5-7 carrier ampholytes 0.4 Bio-Lyte 
3-1 0 carrier ampholytes, 4% Triton X-1 00, and 2% mer- 
captoethanol. The protein was loaded at the cathodic end 
of IEF tube gels (5 x 125 mm) with 3.5% acrylamide con- 
taining 8.1 M urea, 4.5% Bio-Lyte 5-7 carrier ampholytes, 

min in a solution containing 0.0625 M Tris-HCI, pH 6.8, 
10% glycerol, 2% SDS, 5% mercaptoethanol and 0.005% 
bromophenol blue. The tube gels were transferred 
through a buffer containing 0.125 M Tris-HCI, pH 6.8, 
0.1% SDS and 0.5% w/v agarose at a temperature of 
80 'C onto 12%T, 1%C slab gels (200 X 160 X 3 mm) with 
4%T stacking gels. Then 0.1 mM thioglycolate was added 
to the upper running buffer to prevent Kterminal blocking 
by reactive compounds left in the gel. The gels were run 
with a constant current of 80 mAJgel for 7 h. The whole 
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Figure 5. 2-D gel of silver-stained proteins of Acinetobacter calcoaceticus grown on sodium ace- 
tate 1 h after addition of 0.1% hexanol. Spots bordered with a black line represent amplified pro- 
teins. Spots marked with “n” represent new proteins. Numbered spots: 1, GroEl; 2, HtpG; 3, DnaK. 

gels were electroblotted onto PVDF membranes (Trans- 
Blot Transfer Medium, Bio-Rad) using a Trans-Blot SD 
Semi-Dry Electrophoretic Transfer Cell (Bio-Rad) and 10 
mM CAPS, pH 11, with 10% methanol electrode buffer as 
described by Jin and Cerletti [15]. The electroblotting last- 
ed 2 h with a current of 2 mA/cm2. The blots were stained 
with 0.025% w/v Coomassie Blue R-250 in a solution of 
40% methanol for 10 min and destained with a solution of 
50% methanol. Membranes were dried and stored at - 
18 OC. Spots of interest were excised and submitted to N 
terminal sequencing using a model 473A protein se- 
quencer (Applied Biosystems, Foster City, CA, USA). 
Identity searches of the amino acid sequence data ob- 
tained, in relation to proteins in the SWISS-PROT data- 
base, were performed with BLAST [16]. 

3 Results 

3.1 Influence of primary alcohols and heat 
shock on growth and the induction of DnaK 

After heat shock from 3OoC to 45OC (the maximum 
growth temperature of Acinetobacter calcoaceticus) and 
treatment with several concentrations of primary alcohols, 
the growth rates of Acinetobacter calcoaceticus were de- 
creased (Table 1). The concentrations of alcohols in the 
medium, which completely inhibited the growth, were 
7.5% ethanol, 2% butanol, and 0.15~~/0 hexanol. The in- 
duction of one protein, which was identified as the heat 
shock protein DnaK (for identification of DnaK see Sec- 
tion 3.2), was already detectable by SDS-PAGE. Con- 
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Figure 6. Induction pattern of the alcohol-inducible pro- 
teins of Acinetobacter calcoaceticus. Numbers in white 
areas represents the proteins induced only by one of the 
primary alcohols. Numbers in areas with grey back- 
grounds represent proteins that were induced by two or 
more alcohols. The second bold numbers written in brack- 
ets shows how many of these proteins are also induced 
after heat treatment. 

centrations of primary alcohols, which clearly inhibit (al- 
though only incompletely) the growth of Acinetobacter 
calcoaceticus caused the highest induction ratios of DnaK 
(Table 1). 

3.2 Comparison of 2-0 gels 

Acinetobacter calcoaceticus growing on acetate was 
treated with 5% ethanol, 0.8% butanol, 0.1% hexanol, 
which are the appropriate concentrations of primary alco- 
hols for the induction of DnaK (Table l), and heat; a com- 
parison of the 2-D gels resulted in the detection of 91 pro- 
teins, which were newly synthesized or were amplified at 

least twofold (Figs. 1-5). Twenty-one proteins are gener- 
ally induced by all kinds of stresses (Fig. 6). The number 
of proteins induced specifically by each of the primary al- 
cohols is small; after heat shock, however, 25 proteins 
were induced specifically (Table 2). Nevertheless, the 
high number of general proteins indicate that there should 
be a general response mechanism. Apart from the gener- 
al proteins there are two different groups of alcohol-indu- 
cible proteins which are also induced by heat shock. The 
first group consists of seven proteins (Fig. 6), which were 
only induced by heat shock or ethanol, and the second 
group consists of eight proteins which were only induced 
by heat shock or treatment with butanol or hexanol. A 
comparison of the induction pattern of the three primary 
alcohols (Fig. 6) shows that there is less similarity in the 
patterns induced by butanol and ethanol (three common 
proteins) or in the patterns induced by hexanol and etha- 
nol (no common protein). However, there is considerably 
more similarity between the butanol and hexanol patterns, 
since 20 proteins are commonly induced by both stress- 
es. 

3.3 Microsequencing 

Proteins 1 and 3 (Figs. 1-5) were identified as the heat 
shock proteins DnaK and GroEl by Nterminal amino acid 
sequencing and identity searches in the SWISS-PROT 
database (Table 3). The sequences of the two proteins 
have a relatively low similarity to sequences from a halo- 
philic Acinetobacter, which were supplied by Tokunaga ef 
a/. [16]. The proteins most strongly homologous to the 
DnaK and GroEl of Acinetobacter calcoaceticus 694 are 
the DnaK of Legionella pneumophila and the GroEl of 
fseudomonas putida. Protein 2 has been identified as the 
heat shock protein HtpG by a similarity of 46% to the 
HtpG of Helicobacferpyloriand by similarity of 53% to the 
Hsp82 of Saccharomyces cerevisiae (Table 3). 

4 Discussion 

Both heat and primary alcohols led to the induction of 
heat shock proteins. Although the primary alcohol con- 

Table 2. Number of amplified and new protein of Acinetobacter calcoaceticus after heat 

Number of specific amplified 

shock and treatment with primary alcohols 

Total number of amplified 
new proteins specific new proteins 

Heat shock 4712 1 11/14 
Ethanol stress 32/6 111 
Butanol stress 41/15 114 
Hexanol stress 41/14 2/3 

More than 70% of the new or amplified proteins after each treatment were also found in a 
second experiment 
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Table 3. Results of Nterminal sequence analysis of proteins of Acinetobacter calcoaceticus and of the identity search in 
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the SWISS-PROT database 

Spot Protein; accession M, (kDa); p l  Species Yo Identity 
number 

DnaK 71; 4.6 Acinetobactarcalcoaceticus 69-V 
60 

66 

1 DnaK Acinetobacter 204-1 

DnaK; 032482 Legionella pneumophila 
DnaK; PO4475 Escherichia coli 

2 HtpG; P56116 Heliobacter pylori r S N Q @ Y T P Q T B I  N Q  46 
70; 4.75 Acinetobacter CalCOaCetiCUS 69-V a 8 L X A 8 Q N Y S C Q A L V A Q 

HtpG Hsp82; PO2829 Saccharomyces cerevisiae dnEW1 T I :  53 

3 GroEL Acinetobacter 204-1 
GroEl 59; 4.82 Acinetobacter CalCOaCetiCUS 69-V 
GroEl; P48216 Pseudomonas putida 
GroEl; PO6139 Escherichia coli 

The one-letter code for amino acids was used. X represents an unidentified amino acid. 

Table 4. Induction ratio of proteins 1-3 (Figs. 1-5) after heat shock and treatment with pri- 
mary alcohols (mean of two different experiments) 

Spot Protein Induction ratio 
Heat shock Ethanol Butanol Hex an o I 

1 GroEl 3.2 2.4 1 .o 0.8 

3 DnaK 5.3 5.1 2.2 2.0 
2 HtpG 15.5 13.2 4.0 3.3 

centrations were adjusted so that the membrane concen- 
trations of the primary alcohols would be nearly the same, 
the response to ethanol differs from the response to buta- 
no1 or hexanol. The facts that DnaK and HtpG were ampli- 
fied after all stresses, and that GroEl was only amplified 
after heat shock and ethanol treatment (Table 4), indi- 
cates that the mechanism of induction of GroEl may be 
different from the mechanisms of the induction of two oth- 
er proteins. One reason could be that ethanol accumu- 
lates in a different region of the membrane lipid bilayer to 
butanol and hexanol(191. In contrast to the equal concen- 
tration of primary alcohols added to the membrane in 
these tests, their concentrations in the cytoplasm, consid- 
ered as an aqueous phase, should correspond to the 
(very different) concentrations added to the culture medi- 
um (1 M ethanol, 0.1 M butanol, and 0.01 M hexanol). The 
much larger concentration of alcohol in the aqueous 
phases, in the ethanol treatment, may have caused a 
stronger induction of the heat shock response, via accu- 
mulation of denaturated proteins in the cytoplasm. Never- 
theless, we could show that heat shock proteins potential- 
ly help the bacteria adapt to butanol and hexanol. The 
great number of proteins induced only by these stressors, 
which are not identical with proteins strongly induced after 
growth on these alcohols (unpublished data), indicates 

that the resistance against the effect of higher primary al- 
cohols is not caused by enzymes responsible for the deg- 
radation of these alcohols. 

We would like to thank Dr. J. Bar (lnstitut fur Biochemie, 
Universit~fsklinikum, Universifat Leipzig) for the determi- 
nation of N-terminal amino acid sequences. 
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We have used two-dimensional electrophoresis (2-DE) to analyze changes in protein 
expression profiles during a microbial cultivation process on an industrial scale. An 
Escherichia colistrain W3110 containing the gene for recombinant human growth hor- 
mone production was used. Samples were taken at time intervals ranging from fast to 
slow growth rate (late growth phase at high cell density/starvation) and 2-DE analysis 
combined with image analysis using the PDQuest software showed significant altera- 
tions in expression levels of a number of proteins. Twenty-four protein spots were iden- 
tified using a combination of matching with SWISSPDPAGE E. coli map, Nterminal 
sequence analysis and mass spectrometry matrix-assisted laser desorption/ionization 
(MALDI). Two of the most abundant proteins expressed at late growth phase (pl 
54/26 kDa and pl5.5/26 kDa) were subjected to Nterminal sequence analysis after 
electrotransfer of the proteins from a preparative 2-DE gel to polyvinylidene difluoride 
(PVDF) membrane. Sequence tags of five amino acids in combination with approxi- 
mate pland M, identified both proteins as deoxyribose phosphate aldolase (gene name 
deoC). In addition, both spots were subjected to tryptic in-gel digestion and analyzed 
using MALDI. Peptide mass fingerprints from both spots showed similar MALDI spec- 
tra and 10 of 10 tryptic fragments confirmed the identity as deoC. The identification of 
the acidic variant of deoC on 2-DE gels and the observation of this variant as induced 
during late growth phase is novel. 

Keywords: Escherichia colil Protein expression EL 3412 

1 Introduction 

Industrial production of recombinant proteins is a complex 
process. Bacterial cells are frequently exposed to differ- 
ent kinds of limiting conditions during fermentation on a 
large scale [l]. For example, because of inefficient mixing 
in large fermentors, different kinds of gradients like pH, 
oxygen and glucose gradients may be formed. These 
conditions may in turn induce stress responses in bacteri- 
al cells and consequently change the cellular protein com- 
position. Many stress proteins possess protease activities 
and this may have an impact on product quality or quanti- 
ty [2, 31. Therefore, powerful bioanalytical tools are need- 
ed for characterization of the cultivation process; this in 
turn is a prerequisite for increased understanding and fu- 
ture development of a bioprocess. Periplasmic E. culi pro- 
teins (PECP) represent approximately 10% of all cellular 
E. coliproteins. It is an advantage for the selection of puri- 
fication strategies if a recombinant protein is exported to 
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Abbreviations: ECP, E. coli protein; HCP, host cell protein: 
PECP, periplasmic E-coli protein; rhGH, recombinant human 
growth hormone 

this compartment. However, if proteins with protease ac- 
tivities are expressed at elevated levels during limiting 
growth conditions, this may cause problems with yield 
and quality. 

In this study, we have used two-dimensional polyacryl- 
amide gel electrophoresis (2-DE) to analyze changes in 
protein expression profiles during a controlled industrial 
scale cultivation process. A strain of E. coli W3110 con- 
taining the gene for recombinant human growth hormone 
(rhGH) was used. Samples were taken at time intervals 
ranging from low to high cell density and 2-DE analysis 
combined with image analysis using the PDQuest soft- 
ware showed significant alterations in expression levels 
of a number of cellular proteins. We have focused on the 
identification of (i) a number of proteins from a periplasmic 
fraction resolved by 2-DE, (ii) proteins that may serve as 
markers for intracellular or periplasmic proteins, and (iii) 
proteins showing increased expression levels during late 
growth phase of the fermentation process when cell den- 
sities are high. 

2 Materials and methods 

2.1 Bacterial cultures and cell preparations 
A recombinant E. coli W3110 strain was used for identifi- 
cation of proteins by matching with SWISS-2DPAGE. 
Cells were fermented at laboratory-scale conditions using 
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(i) water and (ii) Tridglycine transfer buffer including 20% 
methanol and 0.2% SDS. Proteins were electrotrans- 
ferred at 200 V/1.2 A (1.5 h, +lO°C) to Pro Blott mem- 
branes (Applied Biosystems, Foster City, CA, USA) using 
a Hoefer TE transfer tank (Scientific Instruments, San 
Francisco, CA, USA). A number of protein spots were cut 
out and washed with 200 pL methanol for 2 min and vor- 
texed. Then 800 pL Milli-Q-grade water were added and 
the samples were vortexed again. This was done to re- 
move the surplus CBB on the pieces of membrane ana- 
lyzed. The membranes were then picked up and posi- 
tioned in the sample cartridge for analysis on the 
instrument. The instrument used was a Procise 494 Pro- 
tein Sequencer, equipped with a model 140C Microgradi- 
ent Delivery System, Model 785A Programmable Absorb- 
ance Detector, and Model 610A Data Analysis Program. 
All parts were from Perkin-Elmer (Foster City, CA, USA). 
Five to six amino acids were analyzed and the obtained 
Nterminal sequence tags together with MJpl were used 
for searching SWISS-PROT using Tagldent (http://expa- 
sy.hcuge.ch/www/tools.html). 

MOPS medium [4] and harvested at OD550nm 1 .O. An in- 
dustrial-scale fermentation for production of recombinant 
human growth hormone was used. Cell samples were ob- 
tained from the culture in sequence at different time 
points: T1 and T1 + 3.5 h (T2) the first day of culture, T1 + 
24 h (T3) the second day, and T1 + 48 h (T4) at harvest 
of the culture the third day. All cell samples were washed 
with cold PBS three times and cell pellets were stored at 
-7OoC, awaiting further processing. Whole E. coliproteins 
(ECP) were prepared as described ([5], Luisa Tonella, 
Geneva University Hospital, personal communication). 
Samples for PECP preparation were taken at T4. Briefly, 
periplasmic extracts were prepared by extraction of fro- 
zen cell pellets by shaking with buffer and glass beads. 
The PECP fractions were collected after centrifugation. 

2.2 Two-dimensional polyacrylamide gel 

Immobilized pH gradients (IPG), 4-7 L (linear) or 3-10 NL 
(nonlinear), were used for isoelectric focusing (the first di- 
mension). The procedures used were as recommended 
by the manufacturer (Amersham Pharmacia Biotech, 
Uppsala, Sweden [S]). We applied 20-40 pg protein per 
analytical separation; preparative scale isoelectric focus- 
ing was performed after rehydration of IPG strips together 
with samples representing approximately one mg total 
protein [7]. The Investigator system (ESA) was used for 
the second dimension of electrophoresis. For compari- 
sons with the SWISS-2DPAGE E. coli database we ran 
ECP samples that were prepared according to Pasquali 
et al. [5], and using 3-10 NL IPG strips combined with 9- 
16%T linear gradient acrylamide-PDA gels. We also used 
4-7 L IPG strips (PECP analysis) or 3-10 NL IPG strips 
(ECP analysis) for the first dimension, and 12%T homo- 
geneous acrylamide-PDA gels in the second dimension. 
These conditions have been established as in-house 
standard conditions for 2-DE analyses of bioprocess sam- 
ples. All gels were stained with silver according to [El. 
Gels were then scanned using the 420oe densitometer 
and analyzed using the PDQuest software [9], both pur- 
chased from PDI, New York, NY, USA). 

electrophoresis 

2.3 Identification of ECP 

A number of proteins were identified by matching with the 
SWISS-2DPAGE f. coli map (http://expasy.hcuge.ch/ 
ch2d/ch2d-top-html). Samples were prepared similar to 
the procedure for the SWISS-2DPAGE E. colimap. 

2.4 Kterminal amino acid sequencing 

Preparative 2-DE gels were stained with CBB (Phast Gel 
Blue R; Pharmacia Biotech), destained and washed with 

2.5 Matrix-assisted laser desorptionhonization 

PECP proteins were separated using preparative scale 
2-DE and stained with CBB. After excision of spots, we 
washed out CBB using 0.2 M ammonium carbonate / 50% 
acetonitrile and dried the gel pieces. After reduction 
(10 mM dithiothreitol, 100 mM ammonium carbonate, 
60 min at 56'C), alkylation (55 mM iodoacetarnide, 
100 mM ammonium carbonate, 45 min at room tempera- 
ture), washing with 100% acetonitrile, and drying the gel 
pieces, we performed overnight in-gel digestion at 3OoC 
using 1 Fg trypsin (Boehringer Mannheim, Indianapolis, 
IN, USA) per gel piece. Finally, after extraction of pep- 
tides (60% acetonitrile, 0.1% trifluoroacetic acid, 2 x 
60 min at 3OoC), evaporation of acetonitrile, and addition 
of 5% acetonitrile in 0.1% trifluoroacetic acid, samples 
were desalted (using a C18 HPLC column) and mixed 
with the matrix, a-cyano-4-OH cinnamic acid. A MALDI 
TofSpec SE reflectron was used and data from MS spec- 
tra were matched using MS-Fit (http://falcon.ludwig.ucl. 
ac.uk/cgi-bin/msfit). A delta mass of c 0.3 Da was accept- 
ed as positive search hit for matched peptide sequences. 
Theoretical MJpl values for matching candidates were 
compared with calculated values obtained from our 2-DE 
gels. 

mass spectrometry (MALDI-MS) 

3 Results and discussion 

3.1 Alterations in protein expression levels 
Samples were taken from one industrial-scale rhGH pro- 
ducing culture at different time points: T1 and T1 + 3.5 h 
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(T2) the first day of the culture process, T1 + 24 h (T3) the 
second day and T1 + 48 h (T4) at harvest of the culture 
the third day. Samples for PECP preparation were taken 
at T4. The optical densities (OD55onrn) at these four time 

points were 0.7, 3.0, 57 and > 100 units, respectively. 
Analysis by 2-DE showed more than 1000 protein spots 
per gel, representing the whole E. colicell lysates (ECP). 
Figure 1 illustrates original silver-stained 2-DE gels (3-10 

Figure 1. 2-DE profiles of E. coliproteins. Acidic polypeptides are to the left. 2-DE gels representing various fermentation 
times: T1 (gel No. sb4904), T2 (gel No. sb4906), T3 (gel No. sb4908) and T4 (gel No. sb4912). 
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syntase beta-chain (atpD) (Table 1, Figs. 1 and 2). As ex- 
pected, these proteins showed low expression level in 
PECP samples, on average less than 10-20% of the lev- 
els observed in ECP samples. These proteins may well 
serve as indicators of the purity of the PECP prepara- 
tions. Four proteins, pyruvate dehydrogenase E l  compo- 
nent (ace€), asparaginyl tRNA synthetase (asnSj, inosine 
5’monophosphate dehydrogenase (guas) and pyruvate 
kinase (pyrF), showed significant decreasing expression 
level profiles, indicating down-regulation of these proteins 
during starvation. The levels of these proteins were low or 
not detected in PECP. A number of proteins showed sta- 
ble levels through all samples, PECP included, e.g., phos- 
phoglycerate kinase (pgk), transaldolase B (tals), and a 
previously unidentified protein spot, No. 4213, which was 
identified using sequencing (see below). Two spots, peri- 
plasmic oligopeptide binding protein (oppA) and No. 
3431, showed low or intermediate levels in all cultures, 
but high levels in PECP. These may be useful as indica- 
tors of the PECP preparation process. 

NL) representing time points T1 (gel No. sb4904), T2 (gel 
No. sb4906), T3 (gel No. sb4908) and T4 (gel No. 
sb4912). Many alterations in expression levels were ob- 
served already during the first culture period (from T1 to 
T2). Analysis of PECP fractions resolved an average of 
450 periplasmic proteins per 2-DE gel. One 2-DE gel rep- 
resenting T1 was chosen as the ECP reference map and 
a matchset was constructed, including two PECP 2-DE 
maps. Approximately 200 PECP proteins were matched 
to the ECP reference map. The expression level of each 
protein spot was normalized and expressed as parts per 
million (ppm) of the total optical integrated density of the 
corresponding 2-DE gel. The analysis focused on the 
search for clear trends in expression levels, going from 
T1, via T2 and T3, to T4. Only > 3-fold differences be- 
tween T1 and T4 were considered. A large number of pro- 
teins showed significant differences in expression levels 
when 2-DE gels representing slow growth rate / high den- 
sity cultures (T3 and T4) were compared to rapid growth 
rate / low density cultures (T1 and T2). If low abundance 
proteins (< 1000 ppm) were excluded, approximately 50 
proteins were detected as 3- to 4-fold differentially ex- 
pressed between these two groups. A majority of these 
proteins showed increased expression levels at high cell 
densities. 

3.2 Matching with the SWISS-2DPAGE f. coli 

Almost 300 spots were automatically matched by the soft- 
ware between the SWISS-2DPAGE €. coli map and our 
9-16%T €. coli map (Fig.2). A number of differences ob- 
served may be explained by genetic differences between 
the different W3110 strain variants used in-house and for 
the SWISS-2DPAGE map, differences in growth condi- 
tions, and electrophoretical conditions. Fifty of the 
matched proteins were annotated in SWISS-PROT; how- 
ever, reliable high quality matching was valid for 30 pro- 
tein spots. Nineteen of these spot identities were trans- 
ferred via a 12%T map representing €. colicells grown at 
laboratoly scale using MOPS medium, to the 12%T refer- 
ence map representing cells grown under industrial scale 
conditions (Fig. 2 and Table 1). 

map 

3.3 Identification of PECP expressed at stable 
or decreasing levels by gel matching 

A series of 2-DE gels (IPG 4-7 and 12%T) were ana- 
lyzed, representing various proportions between PECP 
and ECP. Using PDQuest-assisted matching, we trans- 
ferred 14 protein identities to our PECP reference map 
(Fig. 3). A number of these proteins were intracellular pro- 
teins showing highhntermediate and stable expression in 
all samples (Tl-T4), e.g., elongation factor EF-TU (gene 
name tufA), 30s ribosomal protein S1 (rpsA), and ATP 

3.4 Identification of proteins expressed at high 
or increasing levels using Kterminal amino 
acid sequencing and MALDI 

A number of periplasmic proteins showing high expres- 
sion levels, or other interesting characteristics, were ex- 
cised from PVDF membranes and subjected to Nterminal 
sequencing. Five spots were identified on the basis of a 
5-6 amino acid sequence tag combined with approximate 
MJpl data. Spot No. 21 19 showed a markedly increased 
expression level (> 5-fold) at slow growth rate / high cell 
density (T3, T4) compared to rapid growth rate / low cell 
density (Tl, T2). This protein was identified as LAO-bind- 
ing periplasmic protein (gene name argT; Fig. 2, Table 1). 
Spot No. 3431 showed stable low/interrnediate expres- 
sion levels in all Tl-T4 samples, but high levels (> 6-fold) 
in the PECP fraction. This spot was identified as a peri- 
plasmic protein (maltose binding periplasmic protein, 
gene name rnalE). Spot No. 4213 showed high expres- 
sion levels in all samples. N-terminal sequence analysis 
identified this protein as deoxyribose-phosphate aldolase 
(deoC), a protein which previously has not been annotat- 
ed on published 15. coli2-DE maps. Spot No. 4213/deoC 
has a plof 5.5, which corresponds well with published da- 
ta (SWISS-PROT accession No. P00882). 

Spot No. 3209 shows the same M, as No. 4213 but was 
more acidic (p15.4) and showed 4-fold higher expression 
levels in high density cultures compared to low density 
cultures. The expression level of this protein in the PECP 
fraction was essentially the same as for No. 4213. This 
spot was also identified as deoxyribose-phosphate aldo- 
lase by sequence analysis. This result was surprising and 
to be sure of the identification, both spots were excised 
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from gels, in-gel digested by trypsin and analyzed using 
MALDI. Both MS spectra were similar and ten peptide se- 
quence masses were entered into MS-fit for search in the 

database and both matched perfectly to deoxyribose- 
phosphate aldolase. The MS-Fit search results showed 
two first-ranking proteins, NCBl accession No. 729314 

Figure 2. 2-DE profile of E. coli proteins representing the reference maps for our "ECP identified 
spots matchset". Acidic polypeptides are to the left. Identified proteins are circled and given by their 
gene name. 
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Table 1. Identified spots and change in expression levels during the fermentation process from rapid growth rate / low cell 
density to slow growth rate / high cell density (starvation) 

Gene SSP Method AC Pl Protein description Expression profile 
name for SWISS and and level in PECP 

identity PROT No. 34 molecular fraction 
mass (kDa) 

ace€ 4933 Gel matcha) PO6958 

argT 2119 AAsequence PO9551 

asnS 5921 Gelmatch P17242 

atpA 6518 Gel match PO0822 

atpD 1505 Gel match PO0824 

deoC 4213 AA sequences t MS PO0882 

deoC 3209 AA sequence t MSb) 
(v) 
eno 

guaB 

9YrA 

icdA 

lpdA 

ma/€ 

mopA 

OPPA 

PSk 

PnP 

PfSA 

PYrF 

rpsA 

talB 

fig 

tsf 

fufA 

3513 Gel match 

7602 Gel match 

2914 Gel match 

1522 Gel match 

6627 Gel match 

3431 AA sequence 

1601 Gel match 

6628 Gel match 

2417 Gel match 

2705 Gel match 

0014 AA sequence 

6602 Gel match 

1725 Gel match 

1308 Gel match 

0513 Gel match 

2323 Gel match 

3430 Gel match 

PO8324 

PO6981 

PO9097 

PO8200 

PO0391 

PO2928 

PO61 39 

P23843 

P11665 

PO5055 

PO8837 

PO8244 

PO2349 

P30148 

P22257 

PO2997 

PO2990 

5.43 
110.6 
5.09 
25.6 
5.75 
98.6 
5.86 
52.7 
5.00 
47.7 
5.50 
27.7 
5.40 
27.5 
5.40 
46.3 
6.00 
55.8 
5.31 
112.5 
5.05 
46.5 
5.85 
54.0 
5.32 
43.1 
4.99 
58.5 
5.94 
56.9 
5.08 
43.4 
6.1 1 
86.8 
4.73 
18.1 
5.83 
57.6 
4.99 
66.2 
5.05 
36.6 
4.96 
52.6 
5.18 
34.5 
5.41 
45.2 

Pyruvate dehydrogenase E l  
component 
LAO-binding periplasmic protein 

Asparaginyl TRNA synthetase 

ATP syntase alpha-chain 

ATP syntase beta-chain 

Deoxyribose phosphate aldolase 

Deoxyribose phosphate aldolase, 
variant 
Enolase 

lnosine 5’-monophosphate 
dehydrogenase 
DNA gyrase subunit A 

lsocitrate dehydrogenase 

Dihydrolipoamine dehydrogenase 

Maltose-binding periplasmic 
protein 
60 kD a chaperonin 

Periplasmic oligopeptide binding 
protein 
Phosphoglycerate kinase 

Polyribonucleotide nucleotidyl 
transferase 
Glucose-specific 
phosphotransferase 
Pyruvate kinase 

30s ribosomal protein S1 

Transaldolase B 

Trigger factor 

Elongation factor EF-TS 

Elongation factor EF-TU 

- 

a) Identification using gel matching with SWISS-2DPAGE E. coli map 
b) Identification using Nterminal amino acid sequence analysis and/or MALDI 
AA, amino acid 
SSP, matchset spot number 

Decreasing profile 
Low or not detected in PECP 
Increasing profile 
High in PECP 
Decreasing profile 
Low or not detected in PECP 
Intermediate expression profile 
Low in PECP 
High expression profile 
Low in PECP 
High expression profile 
High in PECP 
Increasing profile 
High in PECP 
High expression profile 
Low or not detected in PECP 
Decreasing profile 
Not detected in PECP 
High expression profile 
Low in PECP 
High expression profile 
Low or not detected in PECP 
Intermediate expression profile 
Low in PECP 
Low expression profile 
High in PECP 
High expression profile 
High in PECP 
Intermediate expression profile 
High in PECP 
High expression profile 
High in PECP 
High expression profile 
Low or not detectable in PECP 
Low expression profile 
Low in PECP 
Decreasing profile 
Low or not detected in PECP 
High expression profile 
Low or not detected in PECP 
High expression profile 
High in PECP 
High expression profile 
Low or not detectable in PECP 
Decreasing profile 
Low in PECP 
High expression profile 
Low in PECP 



21 6 B. Franz6n eta/. 

and No. 41252 (Table 2). A likely explanation for this is 
that threonine at position 18 of this aldolase has been re- 
placed by asparagine in the acidic variant of deoC. Theo- 
retically, the delta mass between these two proteins is 13 
Da. However, we did not detect any peptide sequence 
covering this region of the protein by MALDI analysis. 

Our results confirm that deoC exists as two variants and 
indicate that the acidic variant of deoC is expressed at 

elevated levels during late growth phase of the cultivation 
process. Deoxyribose-phosphate aldolase is involved in 
the synthesis of thymidine and its concentration is not ex- 
pected to decrease with decreasing growth rate because 
the DNNmass ratio of bacterial cells increases with de- 
creasing growth rate [lo]. The physiological importance 
of the two different forms of the enzyme is unclear. The 
fact that the more acidic form (spot No. 3209) increases 
during starvation I late growth phase of the cultivation 

Figure 3. 2-DE profile showing periplasmic E. coli proteins representing the reference map for our 
"PECP identified spots matchset". Acidic polypeptides are to the left. Identified proteins are circled 
and given by their gene name. 
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Table 2. MS-Fit search results 

Data MH+ Delta Da Start End Peptide sequence 
submitted matched 

716.5 
716.5 
929.6 

1088.7 
1206.7 
1532.8 
1698.9 
1855.9 
1896.9 
2383.1 

716.4459 
716.3943 
929.4692 

1088.6217 
1206.7098 
1532.7895 
1698.9642 
1855.9230 
1896.9132 
2383.1894 

0.0541 
0.1057 
0.1308 
0.0783 

-0.0098 
0.0105 

-0,0642 
-0.0230 
-0.0132 
-0.0894 

52 
147 
62 

197 
235 
38 

138 
92 

215 
70 

57 
152 
69 

207 
246 
51 

152 
108 
231 
91 

(R)FIPIAR(K) 
(K)DEALIR(K) 
(K)EQGTPEIR(I) 
(K)TVGFKPAGGVR(T) 
(R)FGASSLLASLLK(A) 
(K)TPVGNTAAICIYPR(F) 
(K)VllETGELKDEALIR(K) 
(R)AAIAYGADEVDVVFPYR(A) 
(K)YLAIADELFGADWADAR(H) 
(R)IATVTNFPHGNDDIDIALAETR(A) 

E. coli deoxyribose-phosphate aldolase (deoC), 10 of 10 peptides match (Delta c 0.3 Da). 
Matched peptides cover 47% of the protein (1 22 of 259 amino acids). 

process suggests that it may have a role in stress re- 
sponse. Alternatively, it may be a specific response for 
the cultivation conditions used or the limiting substrate en- 
vironment experienced. 

4 Concluding remarks 

Many proteins may serve as markers for various culture 
conditions and purity of subcellular fractions. Only a few 
of these have been described in this study. The remaining 
number of potential markers represents a powerful re- 
source for future analysis and monitoring of industrial- 
scale production of recombinant proteins. We have given 
one example of an application of proteome analysis in 
bioprocess characterization. In combination with other 
process-related information, cell modeling, and multivari- 
ate analysis, proteome analysis will most likely become a 
powerful tool for increased understanding of recombinant 
protein production processes in E. coli. This, in turn, will 
facilitate metabolic engineering endeavors for process op- 
timization. 

Received Januafy 5, 1999 
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Proteome analysis of factor for inversion 
stimulation (Fis) overproduction in Escherichia coli 

The factor-for-inversion stimulation protein (Fis) is a global regulatory protein in 
Escherichia coli that activates ribosomal RNA (rRNA) transcription by binding to three 
upstream activation sites of the rRNA promoter and enhances transcription 5- to 
10-fold in vivo. Fis overexpression results in different effects on cell growth depending 
on nutrient conditions. Differential proteome analysis of Fis-expressing cells shows ten 
protein spots corresponding to Fis overexpression in both rich (YT) and minimal 
(MS+glucose) media. Three of these spots have been identified as elongation factor 
TS, histidine-binding periplasmic protein precursor, and ketol-acid reductoisomerase. 

Keywords: Proteome analysis / Fis / Escherichia coE EL 3339 

1 Introduction 

The desire to control recombinant protein production in 
bacterial cell culture necessitates an understanding of the 
control of ribosome synthesis. The coordination of ribo- 
some synthesis is a complex physiological task for cells 
and it is known that the regulation of ribosomal RNA 
(rRNA) synthesis is a critical determinant within this proc- 
ess [ l ] .  Indeed, ribosomes and associated factors can ac- 
count for up to 50% of cell mass at high growth rates [2] 
while rRNA constitutes over half of the total cellular RNA 
in cells under these same conditions [3]. Escherichia coli 
has seven rRNA operons (rrn operons) in its genome and 
the synthesis of most (not all tRNAs are cotranscribed 
with rRNA) transfer RNAs (tRNA) is coregulated with that 
of rRNA by cotranscription. Variation in rRNA expression 
appears as a consequence of nutrient conditions which 
affects growth rate. In particular, the number of ribosomes 
and the synthesis rates of rRNA are roughly proportional 
to the growth rate squared (p') and rRNA synthesis is the 
rate-limiting step in ribosome synthesis in E. coli [4]. Fur- 
thermore, it is known that rRNA expression is feedback- 
regulated by growth rate control [5]. Experiments show 
that this feedback regulation depends on the number of 
actively translating ribosomes [6, 71; however, the mech- 
anism by which translating ribosomes are coupled to 
growth control has not been completely elucidated. rRNA 
expression is further, but separately, regulated by a num- 
ber of repressing and activating mechanisms such as 

ppGpp levels as part of the stringent response [8]. The rm 
operon contains upstream promoter sites which are re- 
sponsible for strong stimulation of promoter activity but 
are not required for growth rate regulation. These sites in- 
clude binding sites for the factor-for-inversion stimulation 
(Fis) protein. 

Fis is an 11.2 kDa, pl9.34, relatively abundant DNA-bind- 
ing protein. Large fluctuations in Fis expression occur dur- 
ing the growth cycle, with Fis becoming less abundant in 
late-log-phase cells [9, 101. Fis is also le:s abundant in 
cells grown on poor medium and this scarcity appears to 
cause a decrease in activity of most growth rate-regulated 
promoters of stable rRNA operons [ l l ,  121. Fis has the 
ability to stimulate site-specific DNA inversion reactions 
by binding to an enhancer sequence and bending the 
DNA [13, 141. Although Fis is not required for cell growth 
[15], it has been shown to stimulate stable rRNA synthe- 
sis both in rich medium and under conditions of nutrient 
upshift [16]. Furthermore, Fis-dependent activation is cru- 
cial for providing the high rate of rRNA synthesis required 
forrapid cell growth. We have previously studied the 
effect of Fis overproduction on growth and ribosome 
synthesis for different media (submitted). Fis-expressing 
cells demonstrate significant different effects on growth 
characteristics on rich media and minimal media. Here, 
we employ the tools of proteome analysis to help eluci- 
date the biochemical basis for this phenomena. 

2 Materials and methods 
Correspondence: Dr. Kelvin H. Lee, Chemical Engineering, 120 
Olin Hall Cornell University, Ithaca. NY 14853-5201, USA 
E-rnali: khlee@cheme.cornell.edu 
Fax: +1-607-255-9166 

Abbreviations: Fls, factor for inversion stimulation; IPTG, iso- 
propyl-P-D-thioglactopyranoside; PTS, phosphotransferase sys- 
tem; rRNA, ribosomal RNA; tRNA, transfer RNA; YT, yeast-tryp- 
tone 

2.1 Strains and vectors 
Wild-type Fis was expressed in E. coli W1485 AH LAM- 
rpoS396(Am) rph-1 [17]. A positive mutant of Fis used in 
this study is designated GS. The GS gene contains a G- 
to-S substitution at amino acid 72 of the wild-type Fis pro- 
tein which renders the GS protein much less able to acti- 
vate expression of the rrn6 promoter as compared to 

From Genome to Proteome: Advances in the Practice and Application of Proteomics 
Edited by Michael J Dunn 

copyrigh 0 WILEY-VCH Verlag GmbH, 2000 
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wild-type Fis [la]. Both the Fis and GS genes were subcl- 
oned into the control of the lac-tac promoter for isopropyl- 
P-o-thiogalactopyranoside (IPTG)-inducible expression. 
Cells were cultivated at 37OC on yeast-tryptone (M) me- 
dia or minimal M9 media supplemented with 0.2% glu- 
cose or 0.2% glycerol [19]. OD measurements were made 
on a Beckman DU 640 spectrophotometer (Palo Alto, 
CA) . 

2.2 Proteome analysis 

2.2.1 Sample preparation and electrophoresis 
Samples for proteome analysis were taken at approxi- 
mately 3 h post-induction with 0.25 mM IPTG. The culture 
was pelleted and washed four times in a solution contain- 
ing 3.0 mM KCI, 1.5 mM KH2P04, 68 mM NaCI, and 9.0 mM 
NaH2P04. The washed pellet was resuspended in a soh- 
tion containing 10 mM Tris-HCI, pH 8.0, 1.5 mM MgCI2, 
10 mM KCI, 0.5 mM DlT, 0.5 mM Pefabloc SC (Boehring- 
er, Indianapolis, IN) and 0.1% SDS. This solution was so- 
nicated at full power on ice for 30 s in a Fisher Model 
F550 sonifier (Pittsburgh, PA) and stored at -75OC until 
use. One hundred pg of protein (corresponding to 40 pL 
of sample) was mixed with 20 pL of 8 M urea, 4% w/v 
CHAPS, 65 mM DTT, 67 mM Tris, pH 8.0, and a trace of 
bromophenol blue. This mixture was loaded onto pH 3-10 
nonlinear lmmobiline gels (Amersham-Pharmacia-Hoefer, 
Piscataway, NJ) by in-gel rehydration. The reswelling sol- 
ution contained 8 M urea, 2% CHAPS, 0.3% DTT, 1.33% 
BioLyte 3-10 and 0.67% BioLyte 5-7 (Bio-Rad Laborato- 
ries, Richmond, CA), and a trace of bromophenol blue. 
lsoelectric focusing was performed for 71 750 Vh. Gels 
were subsequently equilibrated for 15 min in a solution 
containing 6 M urea, 2% DlT, 30% glycerol, 2% SDS and 
0.05 M Tris, pH 6.8, and for 5 min in a solution containing 
6 M urea, 2.5% iodoacetamide, 30% glycerol, 2% SDS 
and 0.05 M Tris, pH 6.8. Strips were transferred to a verti- 
cal SDS-PAGE tank (Bio-Rad) and covered with a solu- 
tion of 0.5% agarose, 25 mM Tris (pH 8.3), 198 mM gly- 
cine, and 0.1% SDS. The 1.5 mm thick 12%T gels [20] 
were run at 40 mA per gel until the dye front migrated to 
the end of the gel. Gels were stained with ammoniacal sil- 
ver as described previously [21]. 

2.2.2 Computer-assisted analysis 

Computer-assisted gel analysis (Melanie II, Bio-Rad Lab- 
oratories) was performed on images captured with a Mo- 
lecular Dynamics Personal Densitometer. Default param- 
eters were used for feature detection and matching and 
corrected by visual inspection. An estimate of the relative 
quantitative changes was made based on the change in 
percent volume among silver-stained gels. These quanti- 
tative data were obtained from multiple gel runs and from 

a Melanie II analysis of the gel images. Data from spots 
that were very faint or very strongly stained were not in- 
cluded in quantitative comparisons. Spot changes of in- 
terest were tested on multiple gels for reproducibility. The 
genetic basis for spot changes was made based on a 
comparison to the E. coli 2-DE database available at 
SWISS 2-D PAGE (www.expasy.ch). It is noted that exist- 
ing €. coli databases use strain W3110 whereas this 
study was performed in strain W1485. Some strain-spe- 
cific differences in these proteomes exist and Kterminal 
sequence tagging of landmark proteins was performed to 
help establish reference points for comparison between 
W1485 and W3110 proteomes. 

3 Results and discussion 

3.1 Growth studies 
Fis-expressing cells were grown in YT media containing 
0.25 mM IPTG and compared to GS-expressing cells 
(GS-expressing cells are positive mutants of Fis) grown in 
the same media. GS-expressing cells have a post-induc- 
tion growth rate of 0.119 h-' while Fis-expressing cells 
demonstrate a post-induction growth rate of 0.100 h-' 
(see Fig. 1 and Table 1). This 16% decrease in growth 
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Figure 1. Growth curves for Fis-, GS-, and CAT-express- 
ing E. coli grown on YT medium. The arrow indicates the 
time of IPTG-induced protein induction. 

Table 1 Post-induction growth rates (h.') of Fis- and GS- 
expressing cells on different culture medium 

M MS+glycerol MS+glucose 
0.25 mM IPTG 0.25 mM IPTG 0.25 mM IPTG 

GS 0.119 0.245 0.319 
Fis 0.100 0.165 0.389 
Change 16% decrease 33% decrease 22% increase 
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Figure 2. Growth curves for Fis- and GS-expressing 
E. coli grown on minimal M9 + glucose medium. The ar- 
row indicates the time of IPTG-induced protein induction. 

rate parallels an expected increase in rRNA synthesis as 
measured directly by primer extension (data not shown). 
Elevated rRNA synthesis is an expected observation 
based on the known function of Fis. In contrast, CAT-ex- 
pressing control cells also grew 40% faster than Fis-ex- 
pressing cells on YT media (0.167 h') and cell growth 
was proportionally inhibited at higher levels of gene induc- 
tion (data not shown). 

Fis-expressing cells grown on minimal M9 media supple- 
mented with glucose demonstrate enhanced growth char- 
acteristics compared to GS-expressing cells (see Fig. 2 
and Table 1). The Fis-expressing cells, 3 h post-induction, 
grow 22% faster than GS-expressing cells (0.319 h-' ver- 
sus 0.389 h-'). Here again Fis-expressing cells have ele- 
vated rRNA synthesis as expected. In contrast, Fis-ex- 
pressing cells grown on M9 media supplemented with 
glycerol (see Fig. 3) demonstrated a 33% decrease in 
growth rate as compared to GS-expressing controls 
(0.245 h-' versus 0.165 h-'). A decrease in growth rate is 
also observed for these cells growing on YT medium. This 
observation suggests a link between the phosphotransfer- 
ase system (PTS) and Fis activity in cells. When glucose 
is present in the medium, intracellular cyclic adenosine 
monophosphate (CAMP) levels are relatively low and the 
PTS system is active: however, when glucose is not pres- 
ent, cAMP levels are relatively high and the PTS system 
is inactive. The observed growth rate differences are con- 
sistent with low intracellular cAMP levels in cells grown on 
glucose-supplemented medium. It is known that several 
Fis-regulated promoters contain putative CAMP-CAMP re- 
ceptor protein (CRP) binding sites (CAP binding sites) 
overlapping the Fis-binding sites [22]. It is possible that a 
depletion in intracellular cAMP enables Fis to bind more 
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Figure 3. Growth curves for Fis- and GS-expressing 
E. coli grown on minimal M9 + glycerol medium. The ar- 
row indicates the time of IPTG-induced protein induction. 

readily to these promoters, thus activating these path- 
ways and enabling faster cell growth (compared to GS- 
expressing cells). 

3.2 Proteome analysis 

The presence of various nutrients in YT-rich medium (as 
compared to minimal M9 medium) suggests that E. coli 
grown on YT will demonstrate a difterent physiology from 
their M9 counterparts. In particular, YT-grown cells will 
need to retrieve various amino acids and other nutrients 
from the media for incorporation into biomass; yet these 
cells will not need to synthesize these molecules from 
precursors. In contrast, cells grown on M9 media will ac- 
tively synthesize many molecules from precursors while 
devoting significant effort to retrieve a particular carbon 
source from the medium. To elucidate how these physio- 
logical differences may contribute to growth-rate differen- 
ces seen among the Fis-expressing strains, we per- 
formed two-dimensional protein electrophoresis on 
samples obtained from Fis-expressing and GS-express- 
ing cells. Cells grown in YT media (Figs. 3 and 4) were 
compared, as were cells grown in minimal MS+glucose 
medium (Figs. 6 and 7). 

A direct comparison between Fis-expressing and GS- 
expressing strains grown on YT media and at 3 h post 
0.25 mM IPTG induction reveals the presence of approxi- 
mately 1600 protein spots. Of these, we observe 23 spots 
which are qualitatively different or quantitatively upregu- 
lated at least 2-fold in Fis-expressing cells (see Fig. 4) as 
compared to GS-expressing cells (see Fig. 5) and six 
spots which are likewise different in GS-expressing cells 
as compared to Fis-expressing cells. These differences 
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Figure 4. Proteome of Fis-expressing E. coligrown on YT medium. The location of 10 spots that appear to 
be involved in the observed decrease in growth rate on YT medium and the observed increase in growth 
rate on M9 medium are noted. Three of these 10 spots have been characterized as A, elongation factor TS; 
B, histidine-binding periplasmic protein precursor; and C, ketol-acid reductoisomerase. 

can be attributed to the presence or absence of Fis-bind- 
ing and subsequent gene activation, which results in the 
observed decrease in growth rates for Fis-expressing 
cells on YT medium. 

Fis-expressing cells (see Fig. 6) were compared to GS- 
expressing cells (see Fig. 7) grown on M9 media supple- 
mented with glucose. The Fis-expressing cells demon- 
strate enhanced growth rate as compared to the GS-ex- 
pressing cells. In this comparison 19 spots appear 
significantly upregulated in Fis-expressing cells as 

compared to GS-expressing cells while only one spot has 
that property in GS-expressing cells. Those spots which 
appear in Fis-expressing cells and not in GS-expressing 
cells grown on both YT media and M9 media likely corre- 
spond to genes which demonstrate enhanced expression 
due to increased Fis-expression. There are ten spots with 
this characteristic (as labeled on Figs. 4 and 5). These 
genes, and their corresponding pathways, are thus relat- 
ed to the observed differences in growth characteristics 
on M9 and YT media. To date, we have characterized 
three of these ten spots. They are: elongation factor TS 
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Figure 5. Proteome of GS-expressing E. coligrown on YT medium. 

(EFTS; SWISS-PROT Accession No. P02997), histidine- 
binding periplasmic protein precursor (HisJ; SWISS- 
PROT Accession No. P39182), and ketol-acid reductoiso- 
merase (IlvC; SWISS-PROT Accession No. P05793). We 
are in the process of characterizing the other changes of 
interest which are not present in current databases. 

3.3 Characterized spot changes 

Elongation factor TS associates with elongation factor-Tu 
and forms part of the ribosomal complex. As such, its ele- 
vated expression in Fis-expressing cells is expected be- 
cause Fis activates the rRNA promoter. The histidine- 

binding periplasmic protein precursor is a component of 
the high-affinity histidine permease, which is a binding- 
protein-dependent transport system. The family of pro- 
teins which make up this transport system (including H id )  
has been implicated in the active transport of amino acids 
and sugars. Elevated expression of this protein precursor 
in Fis-expressing strains leading to different growth char- 
acteristics on media with and without glucose suggests a 
nonlinear relationship between amino acid import and the 
PTS uptake system. Ketol-acid reductoisomerase per- 
forms the second step in valine and isoleucine biosynthe- 
sis. Elevated expression of this protein is also consistent 
with the observed phenomena because cells grown on 
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Figure 6. Proteome of Fis-expressing 15. coli grown on MS+glucose medium. Nineteen spots are signifi- 
cantly increased as compared to GS-expressing cells. The location of 10 of these is depicted on Fig. 4. 

M9 media must synthesize valine and isoleucine for incor- 
poration into biomass. Fis-expressing cells grown on M 
medium can recruit these amino acids from the medium. 

4 Concluding remarks 

In an attempt to elucidate the biochemical coordination of 
rRNA synthesis and growth rate control we have studied 
the effects of Fis-overexpression on E. coli physiology 
under different growth conditions. Differential proteome 
analysis suggests several key changes which involve 
various aspects of cellular physiology including carbon 

metabolism, nutrient uptake, and translation among oth- 
ers. We are currently investigating the genetic basis for 
uncharacterized spot changes as well as developing a 
predictive model for use in the engineering of cells with 
enhanced recombinant protein production. 
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Figure 7. Proteome of GS-expressing E. coligrown on MS+glucose medium. 
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Investigation of translation dynamics under cell- 
free protein biosynthesis conditions using high- 
resolution two-dimensional gel electrophoresis 

A cell-free extract from Escherichia coli, generated through a routine procedure ac- 
cording to Chen and Zubay (Methods Enzymol. 1983, 101,674-690), was used for an 
in vitro protein synthesis. High-resolution two-dimensional gel electrophoresis (2-DE) 
was exploited to investigate the protein composition of the cell-extract and its dynamic 
development during a 24 h-period of cell-free protein synthesis performed in a mem- 
brane reactor device. Green fluorescent protein (GFP) was chosen as a target protein 
to be produced in a cell-free reactor because of its functional activity, which can easily 
be monitored by measurement of fluorescence, and because of its high sensitivity. 
GFP synthesis was observed by a standard fluorescence assay and was correlated to 
a quantitative assessment of the silver-stained GFP spot appearing on 2-DE gel maps. 
A constant protein synthesis rate was obtained for at least 8 h of process operation. 
While declining continuously, protein synthesis stopped entirely after 24 h. Both, the to- 
tal protein content and total number of detectable spots were found to decrease over 
the reaction time, due to proteolytic digestion and protein precipitation. Certain proteins 
taking part in the translation process, such as the elongation factors (EF-Tu, EF-Ts) 
and the ribosomal protein RP-L9, were identified by Edman Kterminal sequencing and 
have thus been considered for reaction evaluation. The dynamics obtained during the 
entire process suggest that these translational factors were likewise affected by 
proteolytic decay. 
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1 Introduction 

Cell-free transcriptiodtranslation - the in vitro synthesis 
of proteins using cellular extracts - has been a routine 
synthesis technique in molecular biology laboratories for 
several decades [1-3]. Most advantageous applications 
of this method include the production of toxic proteins, in- 
corporation of amino acid derivatives into newly synthe- 
sized proteins, or directed evolution, based on ribosomal 
or polysomal display [4, 5). Above that, cell-free synthesis 
systems comprise accessible model systems for investi- 
gations on protein maturation, genome/proteome re- 
search and cell therapy (e.g., using antisense technolo- 
gy). However, despite its usefulness, the in vitro tech- 
nique is inherently afflicted with a number of counterpro- 
ductive reactions, i.e., RNAse, DNAse and protease activ- 
ity or the problem of sufficient energy charge mainte- 
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Abbrevlatlons: EF, elongation factor; GFP. green fluorescent 
protein; RP, ribosomal protein 

nance; all of these - if not dealt with - can lead to 
decreased productivity and eventually to a collapse of the 
synthesis reaction. The cause of product limitations can 
be pinpointed and quantified using the tools of stoichio- 
metric network analysis together with metabolic flux in- 
vestigations, and dynamic modeling combined with sensi- 
tivity analysis [6]. The identification of key reactants and 
their interactions during cell-free transcription/translation 
makes it possible to derive model-based construction 
rules for the assembly of a tailored protein-synthesizing 
machinery. High-resolution two-dimensional electro- 
phoresis (2-DE) has been shown to be a powerful tool for 
proteome analysis (proteomics). We have thus applied 
this technology for reaction analysis of the complex cell- 
free protein synthesis system in order to identify system- 
immanent bottlenecks limiting the efficiency of in vitro pro- 
tein synthesis. 

2 Materials and methods 

2.1 Cell-free biosynthesis reaction 
Cell from Escherichia coli (strain A19) [ lo] were disrupted 
using a French press. S30-lysate was prepared according 
to Zubay [7]. Protein concentration was determined as de- 
scribed by Bradford [ l  ll. The biosynthesis reaction was 
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copyrigh 0 WILEY-VCH Verlag GmbH, 2000 



Investigation of cell-free protein biosynthesis by high-resolution 2-DE 227 

carried out following the protocol described by Spirin [8] 
and Metzler [Roche Diagnostics, Germany, personal 
communications] in a DispoDialyzer membrane reactor 
(Spectra-Pores, USA) with a reaction volume of 1 mL (the 
dialysis volume was 5 mL) and a molecular weight cut-off 
of 10 kDa. Lysate concentration in the reaction volume 
was 20% v/v, which corresponded to 5.4 mg total protein. 
Plasmid pMGFP, which was a kind gift from A. Spirin (In- 
stitute of Protein Research, Pushchino, Russia), contain- 
ing the structural gene for green fluorescence protein 
(GFP). was added to obtain a final concentration of 15 pg/ 
mL. After 0, 2, 4, 8, and 24 h of incubation, two identical 
samples of 20 pL were removed from the system for fur- 
ther analysis. After storage at 4OC for at least 12 h, the 
first sample volume was used for activity determination of 
GFP in a fluorometer (Kontron Instruments, Fluorometer 
SMF 25) at the excitation of 485 nm and an emission 
wavelength of 530 nm. For quantification, the measured 
activities were correlated against a GFP standard of 
known concentration (Standard recombinant GFP; Cat. 
No. 1814524 Roche Diagnostics). The second sample 
volume was immediately frozen at -8OOC for later use in 
high-resolution 2-DE. All samples for 2-DE analysis were 
collected, thawed on ice, and afterwards desalted in Mi- 
crocon Microconcentrators (molecular weight cut-off 10 
kDa; Millipore, Bedford, MA, USA). Samples were resus- 
pended in an appropriate buffer according to Bjellqvist et 
a/. [12]. Equal volumes of 124 pL were loaded onto first- 
dimensional gels. The protein amount loaded on the initial 
gel was 70 pg for the sample taken at 0 h of reaction time. 

2.2 2-DE 

High-resolution 2-DE was performed as described by 
Gorg eta/. [13]. The equipment for electrophoresis (Multi- 
phor I1 electrophoresis unit, IsoDalt system, EPS 2A200 
and 3500XL power supplies, automated gel stainer, Multi- 
Temp thermostatic circulator, PlusOne silver staining kit, 
lmmobiline dry strip kit) was supplied from Pharmacia 
Biotech (Uppsala, Sweden). Precast lmmobiline dry strip 
gels used for the first dimension were 18 cm long, exhibit- 
ing a nonlinear pH gradient reaching from 3.5 to 10. The 
equilibration procedure was performed according to 
Westermeier [14]. The dimensions used for homogenous 
13% SDS-PAGE gels were 25 x 20 cm, with 1.5 mm 
spacers. An automated gel stainer was used according to 
the instructions supplied by the manufacturer, in order to 
obtain the most reproducible silver-staining procedure. 

2.3 Image analysis 

Silver-stained gels were scanned with a Sharp JX-330 
color image scanner at 400 dpi using the software Lab- 

Scan 2.01 (Pharmacia Biotech). The scanner was cali- 
brated with a DeskTop scanning package (Pharrnacia 
Biotech) including the film scanning unit JX-3F6 (Sharp) 
and the photographic step tablet No. 2 (21 steps, density 
range approximately 0.05-3.05, Eastrnan Kodak Compa- 
ny, Rochester, NY, USA). Analysis of the digitalized gel 
images, including spot identification, editing, and volumet- 
ric quantification, was performed using ImageMaster 2D 
Elite Software, version 2.00 (Pharmacia Biotech). 

2.4 Identification of spots 

Proteins were identified on the 2-DE gels by blotting and 
subsequent Nterminal sequencing (Edman degradation) 
or MALDI-MS fingerprinting. For additional calibration of 
gel maps according to their molecular weight and p l  val- 
ues, 15 proteins, which were evenly distributed on the 
gel, were isolated from the gel and identified by MALDI- 
MS fingerprinting (data not shown). Amino acid sequen- 
ces were aligned using the Tagldent data base (http://ex- 
pasy.hcuge.ch/sprot/tagident.html). The analyzed Nter- 
minal sequence obtained for EF-TU was KEKFERTKPF 
(aligned to ID-No. P02990, SwissProt). For EF-Ts it was 
ITASLVKELR (ID-No. P02997, SwissProt), while RP-L9 
gave an N-terminal sequence of MQVILLDKVAN (ID-No. 
P02418, SwissProt). 

2.5 Detection of proteolytic activity 

For demonstration of the proteolytic potency of the lysate, 
a commercially available protease activity detection sys- 
tem based on a protease-sensitive fluorescent label was 
applied, following the manufacturers manual (EnzChek- 
Kit, Molecular Probes, Leiden, Netherlands). At room 
temperature, cell extracts with final protein concentrations 
of 5-1500 pg/mL were incubated for 0, 2 and 6 h. The in- 
crease of fluorescence due to proteolysis was measured 
at 485 nm excitation and 530 nrn emission. The reduction 
of proteolytic decay was investigated using two different 
protease inhibitor mixes (BM1 and BM2), both a kind gift 
from Roche Diagnostics (Penzberg, Germany). To the re- 
action mixture described in Section 2.1, which had a total 
volume of 200 pL, 10 pL of the respective protease inhibi- 
tor was added. A reference experiment was carried out 
without any addition of protease inhibitors. After 6 h of in- 
cubation at 3OoC, samples were taken for 2-DE image 
analysis. 

3 Results and discussion 

3.1 Cell-free synthesis of GFP 
The cell-free system studied in this work was based on an 
SSO-extract from Escberichia coli, performed according to 
a routine procedure described by Zubay [7]. The cell-ex- 
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Figure 1. Cell-free biosynthesis of GFP in a protein bio- 
reactor and observation of its production dynamics 
through identification in a silver-stained 2-DE gel map. 
The respective GFP spot is indicated by an arrow. (A) re- 
action beginning at 0 h, (B) after 2 h, (C) 4 h, (D) 8 h, and 
(E) after 24 h of incubation at 3OoC, respectively. In con- 
trast to the majority of proteins, a permanent increase of 
this product spot could be observed during the entire incu- 
bation period (see also Table 1). Data of the quantitative 
evaluation of GFP spot intensities (spot volumes) are 
given in Fig. 2 and Table 1. 

tract was supplied with a feeding solution containing all 
necessary nucleotides (ATP, CTP, GTP, and UTP), all 
natural amino acids, all species of tRNAs and an endoge- 
nous energy-regenerating system (acetylphosphate/ace- 

tate kinase) that recovers nucleoside triphosphates from 
the corresponding diphosphates [l , 81. Plasmid pMGFP, 
containing the structural gene for GFP [9], was added to 
this reaction mixture as a template for transcription. Since 
the structural gene is under the control of a T7 promoter, 
in vitro transcription was initiated by the addition of T7- 
RNA polymerase. Samples from the coupled transcrip- 
tionhranslation reaction were taken over a period of 24 h 
and separated on 2-DE gels. These gels were examined 
according to the dynamics of key factors involved in cell- 
free protein biosynthesis. GFP was used as a model pro- 
tein, because the product activity can be sensitively moni- 
tored in a standard fluorometic assay. Together with the 
proteins present in the complete reaction system, the con- 
centration of GFP could also be calculated from the size, 
shape and optical density of silver-stained protein spots 
on the respective 2-DE gel map. Quantification of protein 
concentration was subsequently performed with commer- 
cially available image analysis software. The results were 
compared with a standard fluorometric measurement of 
GFP, aiming at the quantitative correlation between these 
two analytical tools. 

The coordinates characteristic for GFP on the corre- 
sponding silver-stained 2-DE gel maps are given by the 
SwissProt database to a molecular mass of 26.9 kDa and 
an isoelectric point of 5.7. This information was used for 
identification of the GFP spot in Fig. 1 and 3. A purified 
external standard of GFP was additionally used to support 
the identification of the in vitro synthesized protein. Exper- 
imentally determined values of the molecular mass of 
GFP from three independent gel maps were in a range of 
24.6-27.8 kDa and showed a p/ of 5.7-6.0. The time-de- 
pendent optical density change of the GFP spot reflected 
the time-dependent GFP formation. The optical density of 
spots is referred to as ‘spot volume’. The data from image 
software analysis are given in Table 1 and Fig. 2. GFP 
concentration increased continuously for at least 24 h of 
the cell-free synthesis process (Fig. 2A). A significant but 
rather low initial signal of 2% (initial GFP spot volume) 
was nonetheless obtained, which was presumably 
caused by a time delay during sampling and preservation. 
However, measurements from replica plates (reaction 
performed with omission of a GFP-encoding plasmid) in- 
dicated a negligible background signal of 0.02% at this 
very spot position (data not shown). 

3.2 Comparlson of detection methods for GFP 

Fully matured GFP shows sensitive fluorescence activity, 
and thus its functional activity can easily be monitored 
over the course of in vitro translation. Fluorescence activi- 
ty can be correlated with protein concentration by use of a 
purified external GFP standard of known protein concen- 
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Table 1. Evaluation of silver-stained spots on 2-DE gel maps during cell-free synthesis of GFP by use of a DispoDialyzer 

Reaction Total number Total spot Spot volume of Spot volume of Spot volume of Spot volume of 

membrane reactof) 

time of spots volume GFP EF-TU EF-TS RP-L9 
(h) (W (”/.) PO) Vspec (%) Vspec (70) Vspec 

1: 250 

:- 200 

1- 150 

0 660 100 2 100 1.0 100 1.0 100 1.0 
2 52 1 76 8 97 1.3 i.r. 96 1.3 
4 54 1 67 40 i.r. 77 1.2 87 1.3 
8 432 64 49 79 1.2 71 1.1 92 1.4 
24 51 6 68 100 68 1 .o 72 1.1 i.r. 

a) Identification and quantification of spots were performed using ImageMaster software (Pharrnacia Biotech) and were 

Vspec, specific spot volume (spot volume of protein species per respective total spot volume) 
Lr., insufficient resolution due to interference with other protein spots: values are omitted 

calculated according to their respective optical density (spot volume, units) 
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Figure 2. Comparison of two analytical methods for the detection of GFP. (A) Vertical white bars represent the total spot 
volume of GFP in the 2-DE gel, measured as raw spot volume in pixels with background subtracted. The black symbols 
reveal the time-dependent occurrence of fluorometric activity of GFP measured at 530 nm, which was correlated to an ex- 
ternal GFP standard in order to give concentrations of active protein (pg/mL). (B) Correlation between GFP concentration 
and GFP spot volume within a reaction time of 24 h. The correlation was estimated from linear regression and was 0.42 pg/ 
mL GFP per unit spot volume with a regression coefficient of 8 = 0.97. 

tration. Measured protein concentration was correlated to 
the estimated corresponding spot volume obtained from 
the 2-DE gel maps. The respective values from fluores- 
cence measurements and spot-volume determination are 
found to correlate sufficiently well during the 24 h of 
synthesis (Fig. 2A and 6). A correlation factor of 0.42 pg/ 
mL GFP per units of spot volume with a regression coeffi- 
cient, 8 = 0.97, was obtained in Fig. 28. Systematic er- 
rors of spot volumes, which might be due to slight varia- 
tions of performance during the 2-DE process [15], were 
minimized, since all gels of one experiment were simulta- 
neously made from the same stock solution and subse- 

quently run in parallel using the IsoDalt system and auto- 
mated gel-staining procedure (see also Section 3.5 and 
Table 2). 

The maturation time of GFP is known to be long, inde- 
pendent of in vivo [16] or in vitro conditions. According to 
Kolb (Institute of Protein Research, Pushchino, Russia), 
the GFP encoded on the plasmid pMGFP is fully function- 
ally active after at least 4 h (unpublished data). Thus, all 
samples had to be preincubated for more than 4 h at mod- 
erately (4OC) low temperature, to ensure full maturation of 
the protein before measurement. This inevitable, pro- 
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Table 2. Estimation of standard errors from independent 
measurementsa) 

Protein Spot volume Mean spot Standard deviation 
volume Absolute (%) 

RP-L9 Gel No. 1 : 3706 3568 136 3.8 
Gel No. 2: 3563 
Gel No. 3: 3434 

Gel No. 2: 1648 
Gel No. 3: 1749 

Gel No. 2: 2726 
Gel No. 3: 2699 

EF-Ts Gel No. 1: 1649 1682 58 3.4 

EF-TU Gel No. 1 : 2665 2697 31 1.1 

a) Three independent samples of the same crude 530 
lysate were simultaneously separated on three differ- 
ent 2-DE gels, matched, and evaluated by use of the 
ImageMaster software. Systematic errors were mini- 
mized since the entire procedure for gel preparation, 
separation, and staining was performed simultaneous- 
ly using the IsoDalt device. The average standard er- 
rors were all below 5%, and thus demonstrate suffi- 
cient reproducibility of the procedure. 

longed incubation of GFP, seemed nonetheless surpris- 
ingly unproblematic, since preliminary data revealed a 
sufficient resistance of GFP against, for instance, proteo- 
lytic decay (unpublished results). Nonetheless, for quanti- 
fication of the total synthesis of GFP under in vitro condi- 
tions, the maturation rate, proteolytic decay, and amount 
of fully active protein have to be balanced. The quantifica- 
tion of spot volumes might bear additional sources of var- 
iation due to possible occurrence of nonlinearity in the sil- 
ver staining process [15, 171. However, Giometti et a/. 
[18] previously described a linear relationship between 
the absolute amount of proteins loaded on a 2-DE gel and 
the respective final spot volume for at least 80% of human 
leucocyte proteins. Similar findings are - to the best of 
our knowledge - not described for prokaryotic systems, 
and thus it is still unclear whether these findings are 
equally valid for Escherichia coli proteins. Since most of 
the above discussed parameters are unknown for the de- 
scribed system, further investigations, aiming at their 
quantitative determination, are needed. 

3.3 Dynamic proteome development during 

After initiating cell-free biosynthesis, a considerable sam- 
ple volume was taken from the reactor device and was 
later subjected to high-resolution 2-DE. The total amount 
of proteins (660 spots) served as a reference for the eval- 
uation of all samples taken over the course of the GFP- 
synthesis reaction (see Table 1 and Fig. 3A). After 2 h of 
incubation, 290 spots out of the 521 remaining spots were 

cell-free biosynthesis 

already reduced to 75% of their initial intensity. After 4 h, 
the intensity of 205 spots had even dropped to 50% of 
their initial value (Table 1). Obviously, a vast protein de- 
cay occurred during the first hours of incubation, which 
might have been caused by protein precipitation (data not 
shown) and proteolytic decay. After 8 h of incubation, the 
total number of initial spots decreased again to nearly half 
of the initial value, while some novel spots appeared, 
mainly in the alkaline region of the gel map (see also 
marked zone in Fig. 38). This phenomenon is further re- 
flected by a rise of total number of spots from 432 at 8 h 
to 516 after at least 24 h of incubation. This increase is 
significant because it is greater than can be explained 
simply by measurement uncertainty. 

Only proteins within a range of 1C-100 kDa could be re- 
solved on the 2-DE gel. Since an increasing occurrence 
of high molecular weight spots over the entire process 
time was obtained, this might suggest that in the function- 
ally active crude extract, a significant amount of proteins 
greater than 100 kDa was originally present, but was be- 
yond the resolution range of the prepared gel. These pro- 
teins might have been digested to lower size during pro- 
longed incubation, and were thus finally appearing on the 
gel map. Polypeptides of low molecular mass (especially 
those smaller than 10 kDa), which might occur during 
proteolytic decay, will not appear on the gel, since these 
will be removed either during the process (cut-off of the 
dialyzer membrane was 10 kDa) or sample preparation 
(ultrafiltration by use of a 10 kDa membrane). The proteo- 
lytic potency of the lysate was qualitatively determined us- 
ing a commercially available protease activity detection 
system based on a protease-sensitive fluorescent label. 
According to the test procedure described in Section 2.5, 
a high proteolytic activity of the tested S30 lysate used for 
in vitro protein biosynthesis was obtained (data not 
shown). The addition of two different kinds of protease in- 
hibitor mixtures reduced, but did not entirely prevent, the 
general proteolytic potency of the cell extract. 

3.4 Consideration of proteins directly involved 

The dynamic behavior of three proteins particularly in- 
volved in translation were observed during the entire 
process. These were the elongation factors Tu (EF-Tu, 
44 kDa, pl5.4), Ts (EF-Ts, 30 kDa, p/5.1), and the ribo- 
somal protein L9 of the 50s subunit (RP-L9, 16 kDa, p/ 
6.2). These proteins have been further identified on the 
gel map by blotting, subsequent Kterminal sequencing 
and final sequence alignment (see also Fig. 3A and 6). 
Relative units of spot volume, which are defined as the ra- 
tio of the absolute value of spot volume to the initial spot 
volume, are summarized in Table 1. Due to the proteolytic 

in protein biosynthesis 
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the majority of the investigated lysate proteins (specific 
spot volume of EF-Tu, Vspec = 1). The same was true for 
EF-Ts, which catalyzes the regeneration of EF-Tu during 
protein synthesis. Vspec is defined as the relation of the 
spot volume of an individual protein related to the total 
spot volume. Thus, a value equal to 1 indicates that none 
of the proteins is selectively removed, while values below 
1 would indicate a specific disappearance of the individual 
protein. In contrast, a value greater than 1 denotes a fur- 
ther concentration of a certain protein. This, however, 
was only obtained for the ribosomal protein L9, which 
might be stabilized in the complex ribosomal structure 
itself, and might thus be protected from proteolysis (re- 
maining specific spot volume of RP-L9, Vspec = 1.4). 

Figure 3. Silver-stained 2-DE protein patterns of the ly- 
sate from Escberichia coli strain A19 used for cell-free 
protein biosynthesis of GFP in a protein bioreactor. (A) 
Protein pattern immediately after initiation of protein 
synthesis (0 h of incubation). The marked section indi- 
cates the region around the GFP spot, especially high- 
lighted in Fig. 1. (B) Protein pattern after 24 h of pro- 
longed incubation under process conditions. Presentation 
of gels maps after 2, 4, and 8 h is omitted. The marked 
section shows a region covering the appearance of new 
spots. Identified spots are denoted with an arrow and 
were: GFP (26.9 kDalpl 5.7), elongation factors EF-TU 
(44 kDa, p15.4) and EF-Ts (30 kDa, pl5.1), and riboso- 
mal protein RP-L9 (16 kDa, pl6.22). 

decay, all values of the above-mentioned proteins de- 
creased over the time course of the process. EF-Tu, 
which is responsible for the association of amino-acylated 
tRNAs to the ribosomal complex, was equally reduced by 
proteolytic decay (68% of the initial EF-TU concentration 
remained in the system), and thus behaved similarly to 

3.5 Reproducibility 

As stated in Sections 2.2 and 3.2, systematic errors 
(mainly caused by incorrect pipetting, or general handling 
of the procedure) can be reduced to a minimum when the 
measurements are performed from simultaneously pre- 
pared gels. In order to estimate these standard errors, 
three samples of the same crude S30 lysate were inde- 
pendently prepared and afterwards simultaneously sep- 
arated on three different 2-DE gels using the IsoDalt de- 
vice. These gels were matched and evaluated by use of 
the ImageMaster software. The standard errors given in 
Table 2 were below 5%, and thus demonstrated sufficient 
reproducibility of the procedure. 

4 Concluding remarks 

(i) GFP, which was chosen as target protein due to its 
high sensitivity and ease of measurement, was success- 
fully synthesized under in vitro conditions over a period of 
24 h by use of a dialyzer membrane reactor device. The 
synthesized functional protein was quantified according to 
its fluorescence abilities. These data correlated well with 
values received from quantification by use of silver-stain- 
ed high-resolution 2-DE gel maps. Despite this analytical 
advantage, the application of GFP as a reporter protein 
seemed to be unfavorable, particularly for the purpose of 
reaction analysis and reaction engineering as long as 
GFP is afflicted with a prolonged maturation time. 

(ii) Most critical for the performance of in vitro protein 
synthesis is the occurrence of proteolytic decay and pre- 
cipitation during the entire reaction process. This was 
both confirmed from analysis using high-resolution 2-DE 
and from proteolytic assays. Both phenomena will lead to 
reduced productivity of the in vitro reaction system and 
should thus obviously be avoided for further system opti- 
mization. 
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(iii) The obtained dynamic behavior of the identified ribo- 
somal protein L9 and both elongation factors Tu and Ts 
showed no indication of being a limiting step during in vi- 
tro synthesis, since these seemed to be maintained over 
the course of the synthesis process. Obviously these ini- 
tially identified proteins cannot represent all of the majori- 
ty of important factors of the in vitro protein biosynthesis. 
Nonetheless, since high-resolution 2-DE is a powerful an- 
alytical tool for observing the dynamics of translation (pro- 
teomics), a more extended view, mainly concentrated on 
further identification of the majority of ribosomal proteins, 
translation factors (i.e., all initiation, elongation, and re- 
lease factors) and amino acryl-tRNA synthetases, will be 
taken into account in future investigations. Especially the 
analysis and establishment of a well-balanced, stoichio- 
metric value of all these factors might the helpful for fur- 
ther improvement of the in vitro protein synthesis machi- 
nery. 
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Regulation of virulence genes by environmental 
signals in Salmonella typhimurium 

Sensing and responding to environmental signals is a crucial element of bacterial 
pathogenicity. For a successful progression of infection, virulence gene expression is 
coordinated in response to habitat-specific environmental signals from the host organ- 
ism. We are interested in identifying environmental cues affecting the expression of 
genes within Salmonella Pathogenicity Island 2 (SP12), a virulence locus important for 
systemic infections by S. typhimurium. We describe our approach starting wiih the 
identification of new virulence genes, and analysis of the regulation of these genes by 
environmental signals leading to the proteome analysis in order to define the SP12 reg- 
ulon. 

Keywords: Salmonella virulence / Environmental signals / Salmonella Pathogenicity Island 2 

EL 341 1 

The expression of bacterial virulence genes during infec- 
tion of a host organism is regulated in a spatial and tem- 
poral fashion. This observation has become the basis of 
several methods for the identification of virulence genes. 
Salmonella typhimurium, a facultative intracellular patho- 
gen of animals and humans, has been used frequently as 
a model organism to study host-pathogen interactions 
and for the evaluation of new in vivo selection technolo- 
gies for the identification of virulence genes. In the model 
system of murine salmonellosis, the function of a large 
number of metabolic, regulatory, and specific virulence 
genes is required for pathogenesis (for review see [l]). 
Hallmarks of Salmonella pathogenicity are the invasion of 
nonphagocytic cells and the ability to survive and repli- 
cate within host cells. A large number of invasion genes 
encoding a type-Ill secretion system, secreted proteins, 
and regulatory proteins are located within ’Salmonella 
pathogenicity island 1’ (SPI1). The function of various 0th- 
er gene loci is required for intracellular pathogenesis of 
Salmonella. 

Despite the detailed analysis of some stages of the inter- 
action between Salmonella and the infected host, many 
aspects of the pathogenesis of salmonellosis are still not 
well understood. Three genetic approaches were devised 
to identify virulence factors important for the infection of 
the host organism. Both ‘in vivo expression technology’ 
(IVET) [2] and ‘signature- tagged mutagenesis’ (STM) (31 

use the infected host organism as a selective environ- 
ment. The WET approach selects for in vivo induced pro- 
moters, whereas STM selects for mutants unable to sur- 
vive in the host due to transposon insertions in virulence 
genes. ‘Differential fluorescent induction’ (DFI) [4], a fur- 
ther approach similar to WET, selects promoters that are 
activated by intracellular bacteria using green fluorescent 
protein (GFP) as a reporter and fluorescence-assisted 
cells sorting for selection of induced fusions. All these ap- 
proaches result in the identification of a large number of 
potential virulence genes, whose molecular function now 
has to be elucidated. For example, mutants highly attenu- 
ated in virulence in the model of murine salmonellosis 
were isolated by STM [3]. Further characterization of 
these mutants led to the identification of ‘Salmonella 
Pathogenicity Island 2 (SP12) [5]. SP12 contains 31 genes 
encoding a second type-Ill secretion system (Ssa) and 
the two-component regulatory system (SsrAB). Type-Ill 
secretion systems of Gram-negative bacteria have acom- 
plex composition with more than 20 subunits located in 
the cytoplasm, the inner membrane, and the outer mem- 
brane (see [6] for review). Salmonella strains harboring 
mutations in ssa or ssrgenes have severe defects in sys- 
temic infection of the host, and also show a reduced accu- 
mulation in macrophages. This observation indicates that 
SsrAB has a key role in the expression of virulence 
genes. 
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We set out to analyze the function of SP12 for pathogene- 
sis of salmonellosis, the regulation of SP12 genes, and to 
identify proteins under control of the SP12 regulon. While 
the infected host was obviously the proper environment 
for selection of new virulence genes, additional in vitro as- 
says have to be applied to reveal the molecular basis of 
their function. An important clue for the understanding of 
the regulation of SP12 genes came from the application of 
the DFI approach. This resulted in the identification of the 
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GFP fusion to a SP12 gene which was highly induced in- 
side the phagosome of infected cells, but not induced in 
common culture media [4]. The phagosomal compart- 
ment of infected cells represents an environment highly 
restrictive for bacterial growth. However, intracellular 
pathogens such as S. typhimurium respond to signals of 
the phagosomal compartment by expressing specific sub- 
sets of genes and they are able to survive and replicate in 
this environment. In order to characterize these specific 
signals and the chemical composition of the vacuolar Iu- 
men, intracellular bacteria harboring reporter gene fu- 
sions have been used recently. For an indirect estimation 
of the amounts of trace elements, Garcia del Portillo eta/. 
[7] determined vacuolar amounts for Fez' and Mg" as 
1 p~ and 1C-50 p ~ ,  respectively. Furthermore, in vitro 
analysis showed that the two component regulatory sys- 
tem PhoPQ responds to limitations in the amounts of di- 
valent cations and mild acidic conditions [8]. PhoPQ has 
been characterized as a global regulator of Salmonella 
virulence. It was demonstrated that Mg2' deprivation (i.e., 
media containing 8 p~ Mg2+) is the signal sensed by 
PhoQ in vitro resulting in activation of the subset of genes 
of the PhoPQ regulon (@@activated genes). In confrast, 
high concentrations of Mg2' result in the repression of the 
subset of pherepressed genes. Garcia-Vescovi et a/. [9] 

Figure 1. Effect of phosphate starvation and Mg2+ depri- 
vation on SP12 expression. The expression of a luciferase 
fusion to the ssa6 gene of SP12 was analyzed using the 
Promega luciferase assay kit according to the manufac- 
turer (Promega, Heidelberg, Germany). Bacterial cultures 
were grown overnight in different media and luciferase ac- 
tivity of lysates was determined. Growth conditions: low 
Mg2+, A!-minimal media containing 8 p~ Mg2+ [9]; high 
Mgz+, A!-minimal media containing 10 mM MgZf; PCN. 
MOPS-buffered minimal media without limitation in phos- 
phate, carbon or nitrogen source [15]; PCN-P, MOPS- 
buffered minimal media with phosphate limitation. 

showed the binding of Mg2' to the extracellular part of 
PhoQ. 

In order to identify environmental signals inducing SP12 
expression we analyzed reporter gene fusions to SP12 
genes and used antibodies to monitor the amount of SP12 
gene products under various growth conditions. Low ex- 
pression of SP12 genes was detected after growth in rich 
media and minimal media containing high amounts of 
Mg"; however, expression of SP12 genes was observed 
after growth in minimal media with limiting amounts of 
Mg2+ (Fig. 1). This observation indicates that SP12 ex- 
pression is under control of either the PhoPQ system, or 
a second regulatory system responding to low concentra- 
tions of Mg". In addition, starvation for phosphate was 
identified as a second signal independently activating 
SP12 expression (Fig. 1). Phosphate starvation is not 
commonly considered as an environmental signal for the 
induction of virulence genes. However, a gene encoding 
a phosphate transport protein has been identified as in- 
duced inside macrophages [4], indicating that the intracel- 
lular environment is also restricted in phosphate. Further 
analysis is required to determine the role of phosphate in 
gene regulation of intracellular pathogens. We observed 
that SP12 mutant strain PEG12 is unable to respond to ei- 
ther of these inducing signals. This mutant strain harbors 
a transposon insertion in ssrB, encoding the transcription- 
al regulator of the two-component system of SP12. ssrB is 
the terminal gene of a cluster of virulence genes in SP12. 

Based on the analysis of the expression of SP12 within in- 
fected host cells and the identification of specific signals 
inducing SP12 expression, we applied the proteome ap- 
proach to the characterization of the SP12 regulon. Previ- 
ous applications of the proteome approach contributed to 
the understanding of the complex regulatory network of 
intracellular bacteria. Based on the pioneering work of 
Buchmeier and Heffron [lo], Abshire and Neidhardt [ I f ]  
analyzed the changes in expression patterns of intra- 
macrophage S. typhimurium by selective radioactive la- 
beling and compared the intracellular protein patterns to 
those obtained with several stress conditions in vitro. Sev- 
eral similarities were observed between protein expres- 
sion inside macrophages and protein expression in cub 
ture media under starvation, e.g., for phosphate. How- 
ever, no distinct stress signal resulted in patterns of pro- 
tein synthesis entirely matching the set of macrophage- 
induced proteins. The analysis of the regulatory mutant 
strain pho-24, constitutively expressing PhoPQ-activated 
genes, and a phoF strain by two-dimensional gel electro- 
phoresis (2-DE) revealed the presence of at least 40 pro- 
teins whose synthesis is PhoPQ-activated and repressed 
u21. 
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Figure 2. lntracellular labeling of (A) S. typhimurium wild-type and (B) the SP12 regulatory mutant PEG12. Following infec- 
tion of J774.1 (ATCC) macrophages (infection for 1 h, multiplicity of infection = 10) extracellular bacteria were killed by addi- 
tion of gentamicin (20 pg/mL). Cytosolic protein biosynthesis was suppressed by addition of 200 pg/mL cycloheximide 
0.5 h before labeling with 100 pCi/mL [35S]methionine/cysteine (Amersham, Braunschweig, Germany). Bacteria were la- 
beled from 9 to 12 h after infection. By addition of 0.1 % Triton x-1 00, 1 O7 cells were lysed. The Triton x-100 insoluble mate- 
rial was pelleted, washed, and separated using a pH 3-10 dry strip (Pharmacia, Freiburg, Germany) for the first and a 12% 
tricine gel for the second dimension according to published protocols [16-181. Dried gels were exposed to X-Omat Ar films 
(Kodak) for 3 days. Protein spots with significantly different intensities between the strains are indicated by numbers. 

The cell envelope proteins [13] and intra-macrophage-in- 
duced proteins [ l  11 of phoPQ mutant strains of S. typhi- 
murium were also characterized by 2-DE. To adopt 2-DE 
analysis to the investigation of the SP12 regulon, we first 
evaluated the time course of SP12 gene expression in the 
macrophage-like cell line J774A.1. Analysis of a transcrip- 
tional reporter fusion to an SP12 secretion apparatus gene 
indicated highest expression of SP12 about 6 h after infec- 
tion of macrophages with S. typhimurium [14]. To evalu- 
ate the expression of SsrAB-regulated genes inside mac- 
rophages, we subsequently applied 2-DE on immobilized 
pH gradients (IPG) using radiolabeling of intracellular bac- 
teria for periods of 6-9 h and 9-12 h after infection. Sev- 
eral differences in the patterns of protein synthesis were 
detected by comparison between S. typhimurium wild- 
type and the regulatory mutant PEG12 (Fig. 2). Several 
protein spots were absent in the 2-DE pattern obtained 
for PEG12 (Fig. 2A, spots 6-12). However, we also identi- 
fied proteins preferentially labeled in PEG12 but absent in 
the wild-type (Fig. 28, spots 1-5). These differences indi- 

cate that the SsrAB system has inducing as well as re- 
pressing effects on protein synthesis inside the host mac- 
rophage. Such differences in protein synthesis can either 
result from direct regulatory effects of the SsrAB system 
or from indirect effects of global regulatory systems such 
as PhoPQ responding to the intracellular environment. 

For a more detailed characterization of the role of the 
SsrAB and PhoPQ systems for the regulation of SPI2-en- 
coded proteins, we compared protein synthesis of S. ty- 
phimurium wild-type, SPI2-mutant strain PEG1 2 and mu- 
tants in the PhoPQ system under in vitro growth 
conditions to intracellular growth conditions. A phoF mu- 
tant is unable to respond to PhoPQ-inducing signals and 
does not grow in media with low concentrations of Mg2+. 
To allow a comparative analysis of the above strains 
under in vitro conditions, bacterial cultures were shifted 
from high to low concentrations of Mg2' at mid-logarithmic 
growth phase. SP12 gene expression was induced under 
these experimental conditions as demonstrated by West- 
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Figure 3. Role of SsrAB and PhoPQ. S. typhimurium 
wild-type (strain ATCC 14028), an SP12 mutant strain har- 
boring an mTn5 insertion in ssrB (strain PEG12 [5]), a 
pho-24 strain (CS022 [12]), and a phoF strain (CS015 
[19]) were analyzed. Bacterial cultures were grown to 
mid-log phase (ODew = 0.5) in minimal medium contain- 
ing 10 mM MgCI2 including 18 amino acids (0.005% each) 
without methionine and cysteine, pelleted, washed three 
times in minimal medium with 8 p~ MgCIz, and resus- 
pended in fresh minimal media containing 8 ~ L M  MgCIz. 
Cultures were incubated at 3PC, and aliquots were with- 
drawn in intervals of 1 h and labeled with 40 pCi [35S]me- 
thionine/cysteine/mL for 10 min. At 2 and 3 h after the 
shift to low Mg2' media, bacteria were harvested, washed 
and resuspended in denaturing solubilization buffer as 
previously described [16] and cells were lysed by two 
freezehhaw cycles to obtain whole cell lysates. About 
10 Fg solubilized protein was separated by 2-DE as de- 
scribed in the legend to Fig. 2. Poor labeling of proteins 
was observed for the phoP strain 3 h after the shift. In 
(B) the respective areas of separation obtained with wild- 
type strain in (A) are shown. (Numbering of spots accord- 
ing to Fig. 2; ' F  denotes protein spots present in all sam- 
ples serving as fixed points for orientation). 

ern blotting using antibodies against SPI2-encoded pro- 
teins (141. To evaluate changes in the overall protein 
synthesis, radiolabeling with [35S]methionine/cysteine 
and subsequent 2-DE separation was performed. This 
analysis revealed that approximately 90% of the apparent 
proteins that are synthesized under intracellular condi- 
tions are also synthesized under the defined in vitro con- 
ditions, confirming previous observations of Abshire eta/. 
[ l l ]  (see Figs. 2A, 3A). We identified three distinct pro- 
teins whose synthesis was significantly lower or entirely 
abrogated in the SP12 regulatory mutant PEG12 (Figs. 2, 
3; spots 6, 7 and 12). This effect was observed for intra- 
cellular bacteria as well as for in vitro cultures shifted to 
low Mg2' concentrations. More dramatic differences in 
the 2-DE protein patterns were observed by comparison 
of S. typbimurium wild-type to the mutants strain phoP 
and pho-24. The synthesis of the three macrophage-in- 
duced proteins (spots 6, 7 and 12 in Fig. 38) appeared to 
be affected by the regulatory systems SsrAB and PhoPQ 
to a different extent. These observations suggest a modu- 
lating effect of the PhoPQ system on the SP12 regulatory 

'system SsrAB. Alternatively, the expression of the corre- 
sponding genes may be directly affected by both systems 
or mutations in the SsrAB and PhoPQ result in alterations 
of the global regulatory network. 

The characterization of proteins identified here may 
contribute to the understanding of the high attenuation of 
SP12 mutants. In addition, analysis of the cell envelope 
fraction of S. typhimurium may help to provide further in- 
formation on changes in protein levels induced by stress 
conditions with respect to the recently published refer- 
ence map [13]. Finally, the separation and identification of 
the components of the translocation machinery of the 
type-Ill secretion system encoded by SP12 may become 
feasible. Further comparative analyses of in vitro and in 
vivo conditions inducing SP12 expression have to reveal 
changes in the 2-DE pattern of the regulatory mutant in 
SP12. This will improve our understanding of regulation as 
a prerequisite for biological function of virulence factors of 
intracellular pathogens. 

We described an experimental approach for the analysis 
of the SP2 regulon that may be applicable to the charac- 
terization of other virulence factors identified by tech- 
niques such as WET, STM or DFI (Fig. 4). Applications of 
these techniques yield large numbers of candidate viru- 
lence genes whose function has to elucidated. As a next 
step towards the analysis of these new genes, the char- 
acterization of environmental signals or signals of the in- 
fected host affecting the expression of the new genes is 
required. This information is essential to define in vitro 
conditions for the subsequent application of the proteome 



Environmental signals 237 

Flgure 4. Schematic presentation of an approach to the characterization of candidate virulence 
genes. 

approach. Based on such conditions, the proteome analy- 
sis will allow the identification and characterization of the 
corresponding proteins and contribute to the understand- 
ing of regulation and function of new bacterial virulence 
determinants. 
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Proteome analysis of the model microsymbiont 
Sinorhizobium rneliloti: Isolation and 
characterisation of novel proteins 
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Sinorhizobium melilofi is an agriculturally and ecologically important microbe due to its 
capacity to establish nitrogen-fixing symbiosis with plant legumes. Two-dimensional 
gel electrophoresis of total cellular protein was used to establish a proteome reference 
map for the model microsymbiont Sinorhizobium melilofi strain 1021. The extent of 
changes in the gene expression of cells grown in a defined medium at different growth 
phases was established. After examination of over 2000 resolved protein spots, a mini- 
mum of 52 reproducible changes in protein expression levels were detected when early 
exponential phase cells were compared to late exponential phase cells. In contrast, 
induction of nodulation gene expression by the addition of the flavonoid luteolin to cells 
did not result in detectable changes in protein expression at either early or late expo- 
nential phase. N-terminal microsequencing of eighteen unknown constitutive proteins 
plus four proteins, induced or up-regulated in late exponential phase cells, allowed the 
identification of proteins not previously described in rhizobia. These included an 
amide-binding protein, a putative hydrolase of the glyoxalase II protein family, a 
nucleoside diphosphate kinase, and a 5’-nucleotidase. Kterminal microsequencing 
was also valuable in revealing Kterminal post-translational processing and assigning 
a subcellular location to the analysed protein. Proteome analysis will provide a power- 
ful analytical tool to complement the sequencing of the genome of strain 1021. 

Keywords: Rhizobia / Sinorhizobiurn rneliloti I Rhizobium rneliloti/ Protein identification / Arnide- 
urea binding protein / Two-dimensional polyacrylarnide gel electrophoresis EL 3359 

1 Introduction 
Microbes of the genera Sinorhizobium, Rhizobium, Bra- 
dyrhizobium and Azorhizobium (collectively termed rhizo- 
bia), can occupy several major environmental niches 
including the soil. In the soil, these rhizobia exist as sap- 
rophytes, whereas they can adopt a commensal or para- 
sitic lifestyle when growing on the surface or inside plant 
root cells. Sinorbizobiurn melilofi (previously known as 
Rhizobium melilofi) can also form a symbiotic relationship 
with leguminous plants belonging to the genera Medica- 
go, Melilofus and Trigonella where, in a differentiated 
state called a bacteroid or symbiosome, it is capable of 
fixing atmospheric nitrogen inside legume nodules (re- 
viewed in [l, 21). S. melilofi becomes capable of initiating 
infection on legume hosts once the genes required for in- 
fection are induced by plant-excreted flavonoids, such as 
luteolin [3]. 

S. melilofi is a model microsymbiont and efforts are now 
underway to completely sequence its genome. Although 
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a complete genome sequence will reveal essentially all 
the putative open reading frames (ORFs). as well as op- 
eron structures, G-C content, origin(s) of replication, and 
possible regulatory circuits via the identification of com- 
mon cis-acting regulatory elements, several questions 
concerning the function of higher order processes would 
remain. These include: which ORFs are authentic genes, 
what are the functions of the gene products, when and to 
what level are gene products expressed, where are the 
gene products localised and are the gene products post- 
translationally processed or modified? Functional genome 
analysis using high density oligonucleotide probe arrays 
(chip technology) has offered a promising method for the 
quantitative analysis of the transcriptional activity of bac- 
terial genomes [4]. However, analysis of gene expression 
at the transcript mRNA level alone does not take into ac- 
count the occurrence of gene regulation at the post-tran- 
scriptional level, e.g., Anderson eta/. [5, 61 and Haynes ef 
a/. [7] showed a general lack of correlation between the 
levels of mRNA and the resulting protein levels that occur 
in liver and yeast cells, respectively. This, along with the 
occurrence of post-translational processing and modifica- 
tion events in prokaryotes (as one mRNA can give rise to 
several protein products), would reinforce the necessity 
for direct determination of expressed proteins. Therefore, 
a comprehensive understanding of cellular activity will 
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2 Materials and methods only arise if DNA sequence information and mRNA tran- 
scriptional patterns are complemented with gene expres- 
sion analysis at the protein level, that is, by linking a pro- 
tein to the protein encoding gene. 

Proteome analysis has rapidly become a powerful tool for 
investigating global changes in the gene expression pro- 
gram of prokaryotic organisms and for understanding the 
complex regulatory networks which coordinate gene ex- 
pression. This approach, utilising high-resolution two-di- 
mensional gel electrophoresis (2-DE), provides a snap- 
shot of the protein gene products expressed in a cell 
population at a given time under a defined physiological 
conditions. A proteome has been defined as the protein 
complement expressed by a genome [a]. Proteomes are 
dynamic and reflect the activity state of a biological sys- 
tem, and the analysis of the proteome of an organism un- 
der different conditions can contribute to an holistic under- 
standing of how a microbe reorganises and adapts to new 
environments. More recently, the combination of 2-DE 
with sensitive post-translational technologies, including 
Nterminal Edman microsequencing, amino acid compo- 
sition analysis [9], peptide-mass fingerprinting and pep- 
tide sequencing via mass spectrometry-based ap- 
proaches [lo-121, and post-translational modification 
analysis [ 13, 141 has provided a rapid means of character- 
ising the function or functional aspects of unknown gene 
products. Microbial proteomes are being determined for 
bacterial groups including Haemophilus influenzae [15, 
161, Spiroplasma melliferum [ 1 11, Bacillus subtillus [ 171 
and Salmonella typhimurium [18]. The most extensive 
of these is currently that developed for the K12 strain of 
Escherichia coli where proteins have been catalogued 
according to their expression and regulation pattern under 
defined stimuli [19-21). 

This proteomic approach for analysing genomic expres- 
sion and function has already been used to describe a 
Rhizobium leguminosarum bv trifolii strain ANU843 2-D 
reference map, the response of this strain to flavonoid ex- 
posure (221, and the identification of putative plasmid-en- 
coded functions [23]. Results obtained have suggested 
the existence of global regulatory interactions occurring 
between plasmids and chromosomal replicons which 
would have been difficult to show with a nucleic-based 
technology. In this study we have initiated a proteome ap- 
proach on S. meliloti strain 1021 to investigate the pat- 
terns of gene expression and regulation. We present the 
first 2-D protein map of S. meliloti and characterise the 
Kterminal sequences of newly identified proteins not 
previously described in rhizobia. The changes in the pat- 
tern of proteins synthesised during early exponential 
phase growth and late exponential phase growth, and in 
response to the flavonoid luteolin were also investigated. 

2.1 Growth conditions and sample preparation 

The reagents and apparatus used have been described in 
detail [22]. Cultures of S. meliloti strain 1021 were grown 
in defined Blll medium [24] at 28'C. At an OD of 0.08 (late 
lag phase) at 600 nm, the nodgene inducer, luteolin was 
added to the bacterial cultures at a concentration of 5 p ~ .  
Incubation was continued for 6 h and 17 h to an OD of 0.3 
(early exponential phase) and 1.2 (late exponential, enter- 
ing stationary phase), respectively, at 600 nm, before har- 
vesting. Control cultures were treated in an identical way, 
except that luteolin was omitted. Cells were harvested, 
washed and lysed as previously described [22]. Protein 
concentrations of the cell lysates were determined using 
a Bradford protein assay (Bio-Rad, Hercules, CA, USA) 
with BSA as the standard. 

2.2 2-DE and Kterminal sequencing 

2-DE and electrotransfer to PVDF were done according 
to previously described methods [22]. lsoelectric focusing 
in the first dimension was carried out on linear pH 4-7, 
18 cm immobilised pH gradient (IPG) strips (Pharmacia- 
Biotechnology, Uppsala, Sweden) loaded with 100 pg of 
total cellular protein at the anodic application site and run 
for 200 kVh. For narrow-range focusing, linear pH 4.5- 
5.4, 11 cm IPG strips were focused for 46 kVh. Horizontal 
second-dimensional SDS-PAGE was carried out on 
ready-made gels (ExcelGel SDS, 12-14%T acrylamide, 
from Pharmacia-Biotechnology). For Kterminal se- 
quence analysis of protein spots, 0.5-1 mg of total protein 
was loaded in a volume of 100 pL and the gel electroblot- 
ted onto PVDF membrane. Nterminal sequencing was 
done on a PROCISE-HT sequencer system or on a PRO- 
CISE-CLC for increased sensitivity (both machines from 
Perkin-Elmer Applied Biosystems, Foster City, CA, USA). 
Typically, 16 cycles of Edman degradation were per- 
formed on the selected spots and the sequences were 
used to search a nonredundant protein database 
(SWISS-PROT, PIR, TREMBL and GenPept) using the 
FASTA program in order to establish the identity of the 
polypeptides and assign a putative function. The theoreti- 
cal isoelectric point and molecular mass of the matched 
sequence in the database and sequence alignment at the 
Kterminus of the corresponding homologous protein 
were also used to determine the significance of the 
matches. 

2.3 Staining and image analysis 

Proteins on analytical 2-D gels were visualised by silver 
staining [25] and digitised at 600 dpi with a UMAX PS- 
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2400X lamp scanner. Spot detection, gel alignment and 
gel-to-gel protein spot matching were performed with the 
use of the Melanie I1 2-D image analysis software pro- 
gram (Bio-Rad). The apparent molecular masses of the 
proteins were extrapolated from standard protein markers 
coelectrophoresed with the sample using Melanie II. 
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Narrow-range IPG strips were used for the first dimension 
of 2-DE to further resolve the proteins occurring between 
the p l  range of pH 4.5-5.4 and a proteomic contig [26] 
representing a protein expression window was establish- 
ed (Fig. 2). A further 65 proteins were resolved in the pH 
range of 4.5-5.4 when using the narrow-range IPG strips 
(572 proteins detected) compared to the broader-range 
IPG strip (507 proteins detected). 

3 Results 

3.1 

The 

Analysis of the 2-D profile of S. melilori 
strain 1021 proteins 

2-D protein profile in Fig. 1 was selected as the refer- 
ence proteome map for s. meliloti strain 1021. Approxi- 
mately 2000 protein spots were separated on the silver- 
stained gel within the pH range of 4-7 and size range of 
10-122 kDa (Fig. 1). The 2-D pattern was highly reprodu- 
cible with intra- and inter-samples of strain 1021 protein 
preparations, since the protein patterns obtained were in- 
distinguishable from one another on several 2-D gels. 

67 - 

43 - 

30 - 

20.1 - 

14.4- 

3.2 identification of constitutive proteins by 
Wtermlnal microsequencing and 
assignment to the proteome map of 
S. melllotistrain 1021 

To initiate the development of a 2-0 protein database for 
S. melilofi strain 1021, 18 abundant protein spots were 
selected for Nterminal amino acid sequencing. These 
protein spots are numbered in Fig. 1 and the homology of 
these protein sequences to a nonredundant protein data- 
base is shown in Table 1. Of the 18 amino acid sequen- 

7 

Figure 1. 2-D reference map of proteins synthesised in S. melilotistrain 1021 at early exponential phase. Proteins select- 
ed for Kterminal microsequencing were assigned arbitraty numbers. lsoelectric focusing in the first dimension was on IPG 
strips with a linear gradient ranging from pH 4-7 (18 cm) and loaded with 100 pg of total cellular protein. For the second 
dimension 12-14%T SDS-PAGE gels were used. Proteins were visualised by silver staining. 
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mutases which are involved in glycolysis. The Ntermini 
of several protein spots (spots 1, 13 and 15) were most 
likely Kterminally processed since alignment began 24- 
51 residues downstream of the predicted methionine ini- 
tiation site translated from the DNA sequence of the 
matched protein. Of these, spot 15 showed homology to a 
variety of 5’-nucleotidase proteins belonging to the 5 - w -  
cleotidase family that catalyse the hydrolysis of phos- 
phate esterified at the carbon 5‘ of nucleotide molecules 
[27]. Consistent with this, spot 15 is most likely Ktermi- 
nally processed since the first residue was 27 residues 
downstream from the predicted initiator methionine, as 
has been shown for other 5’-nucleotidases, and also indi- 
cative of proteins being targeted to the periplasmic space 
and outer membrane of bacterial cells [28]. Similarly, the 
Kterminal sequence of spot 13 matched to that of a sur- 
face-exposed outer membrane 38 kDa lipoprotein from 
Pasfeureella haemolytica 24 residues downstream of the 
predicted initiator methionine. This putative 38 kDa lipo- 
protein is similar to the E. coli polyamine transport pro- 
teins PotD and PotF [29]. Also, the Nterminal sequence 
of spot 1 showed strong homology to some periplasmic 
amide-urea binding protein precursors which form part of 
an active transport system for short-chain amides and 
urea. Spots 11, 14 and 20 did not display any significant 
similarity to proteins currently available in the databases, 
indicating that they may be novel. 

3.3 Application of proteome analysis for the 
identification of growth-phase-regulated 
proteins 

We analysed the changes in the 2-D protein pattern in 
strain 1021 in response to two physiological conditions. 
First, we used proteome analysis to investigate the regu- 
lation of gene expression during different phases of cell 
growth. The expression pattern of proteins during early 
exponential cell growth was compared with that of late ex- 
ponential cell growth. Figure 3 shows the expression pat- 
tern of proteins from late exponential phase cells. A mini- 
mum of 52 protein differences, defined as up- or down- 
regulated or induced or lost, were observed when com- 
paring the protein expression patterns of s. melilofi in ear- 
ly exponential phase growth (Fig. l )  with that of late expo- 
nential phase growth. The Nterminal sequences of four 
up-regulated or induced proteins were determined and 
these are numbered in Fig. 3. The Nterminal sequences 
of these proteins are shown in Table 2. Spot i l  and i2 
were highly abundant proteins that were not observed in 
early exponential phase cells and sequence data from 
these spots did not reveal any homology to database se- 
quences. Protein spot u3 shared high sequence homolo- 
gy to a heat shock protein from E. coli which belongs to 
the small heat shock protein (HSPPO) family. Members of 
the HSP2O family are induced by a variety of environmen- 
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Figure 2. 2-DE gel image representing a protein expres- 
sion window showing total cellular protein from s. melilofi 
between the p l  range of 4.5-5.4. Narrow-range IPG 4.5- 
5.4 (11 cm) strips, loaded with 100 pg of protein, were 
used for the first-dimension separation of 2-DE. 

ces obtained, six matched to the sequences of known 
Rhizobium and Sinorhizobium proteins. Three of these 
proteins were identified as the molecular chaperones 
GroES A (spot 8), GroEL A (spot 4), and DnaK (spot 6). 
These highly abundant chaperones assist in protein fold- 
ing, the assembly of oligomeric protein complexes, and 
the export of proteins. Also identified were the 30s riboso- 
mal protein (spot 5), the succinyl-CoA synthetase beta 
subunit (spot 19), which is involved in the tricarboxylic 
acid cycle, and a putative transcription elongation factor 
(spot 21). 

Nine proteins were assigned putative functions based on 
their homology to known sequences from species other 
than rhizobia. These included spots 3 and 7 which match- 
ed to the 50s ribosomal protein L7/L12 from Brucella 
abortus and the elongation factor EF-G from Agrobacteri- 
um tumefaciens, respectively. Both proteins had also 
been previously identified on the proteome map of R.I. bv 
trifolii [22]. Also spots 3, 4, 6, 7 and 8 exhibited identical 
electrophoretic mobilities to their R.I. bv trifolii equivalents 
previously analysed by proteome analysis [22]. The Kter- 
minal sequence of spot 2 displayed significant homology 
to the cytoplasmic nucleoside diphosphate kinase of Rho- 
dobacter sulfidophilus which is involved in the synthesis 
of nucleoside triphosphates other than ATP. Spot 18 
shared strong similarity to a variety of phosphoglycerate 
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Table 1. S. rneliloti proteins analysed by Nterminal microsequencing and FASTA search of a nonredundant protein data- 
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base 

Spot MJple) N-terminal sequence’) Homology (“A identity) Organism MipP’ SWISS-PROP’ 
Accession No. 

1‘’ 

2 

3 

4 

5 

6 

7 

8 

9 

11 
12 

13” 

15” 
14 

18 

19 

20 
21 

41 88114.68 

1692116.1 5 

1447914.88 

5496515.21 

6076515.32 

668231507 

741 1415.56 

1169115.68 

3023416.08 

1602U6.48 
2298416.39 

4842415.72 

2632914.47 
7232314.91 

2524616.35 

4044415.20 

5297116.29 
1959614.98 

ADETIKVGILHSLSG 

AIERTFSMIKPDATK 

ADLAKIVEDL 

AAKEVKFGRS 

SATNPTRDDFAALLE 

AKVIGIDLGT 

AREKYIEDYRNFGIM 

ASTNFRPLHD 

ALPDFTMRQLLEAGV 

ATRKTEDAFSLSFDP 
SEGVDLKELKRMMDG 

KAATPKETAAATGP 

SDLPDLGGWVVVT 
DY ELNILHINDLHSR 

SGTLVLVRHGQSDWN 

MNJHEYQAKALLKSY 

AVASKKIPAPDEVRI 
VDKVPMTQGGVNLQEE 

Hypothetical amide-urea 
binding protein (84.6%) 
Amide-urea binding protein 
precursor (71.4%) 
Nucleoside diphosphate 
kinase (86.6%) 
50s ribosomal L71L12 
protein (1 00%) 
GroEL A (1 00%) 

305 ribosomal protein S1 

DnaK (100%) 

Elongation factor EF-G 
(100%) 
GroES A (1 00%) 

30 S ribosomal protein S2 

Unknown 
Enoyl-CoA hydratase 

38 kDa lipoprotein (64.2%) 

Unknown 
5’-Nucleotidase precursor 

Phosphoglycerate mutase 

Succinyl-CoA synthetase 
beta subunit (93.3%) 
Unknown 
Elongation factor homolog 

(100%) 

(57.1 Yo) 

(53.3%) 

(71.4%) 

(73.3%) 

(70.5%) 

Synechocystis sp. 

Methylophilus 
methyotrophus 
Rhodobacter 
sulfidophilus 
Brucella abortus 

Sinorhizobium 
meliloti 
Sinorhizobium 
meliloti 
Sinorhizobium 
meliloti 
Agrobacterium 
fumefaciens 
Sinorhizobium 
meliloti 
Spirulina platensis 

Trypanosoma cruzi 

Pasteurella 
haemolytica 

Homo sapiens 

Agrobacterium 
tume faciens 
Rhizobium 
leguminosarum 

Rhizobium 
leguminosarum 

4835914.82 

41896i7.85 

1525415.25 

1254614.79 

5767315.1 1 

62639h.24 

6907U4.94 

7804415.1 3 

1058715.43 

2777616.24 

N A ~ ’  

4014715.05 

6082316.34 

272 15/5.38 

N A ~ ’  

1744414.88 

P74390 

050371 

P95653 

P41106 

P35469 

P14129 

P42374 

P70782 

P35473 

P34831 

Q95045 

(251848 

P21589 

011140 

033526 

068546 

a) Nterminal sequences are shown by using the single-letter code for amino acid residues. 
b) The theoretical molecular mass (M,) and isoelectric point (pl) calculated for the predicted amino acid sequence of the 

c) For proteins which have no SWISS-PROT accession number, the EMBUGenBank accession number is given. 
d) Unable to calculate the theoretical p l  and M, values for these proteins because only fragments of their sequence were 

e) Observed M, and plobtained from analysis of the 2-DE spot mobility. 
f) Sequence alignment inferred the proteolytic cleavage of a signal peptide from these proteins. 

protein. The units for molecular mass are Da. 

available in the database. 

tal stresses and act as chaperones that can protect pro- 
teins against denaturation and degradation. Protein spot 
u4 shared homology to a hypothetical protein from Hae- 
rnophilus influenzae which shows strong similarity to hy- 
drolases belonging to the glyoxalase II family. Members 
of the glyoxalase I1 family are involved in the hydrolysis of 
S-lactoylglutathione to lactic acid and the restoration of 
reduced glutathione in the glyoxal pathway (301. 

The expression pattern of cellular proteins in response to 
the nod-gene inducer, luteolin, was also investigated. 
Early exponential phase S. rnelilofi cells were exposed to 
luteolin for a period of 6 h and 17 h before harvesting and 
the proteins subsequently extracted for 2-DE analysis. No 
detectable change was observed in the level of protein 
synthesis between treated and nontreated cells upon 6 h 
or 17 h luteolin exposure (data not shown). 
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Figure 3. 2-D map of proteins expressed in S. rnelilotistrain 1021 at late exponential phase. The protein differences be- 
tween early and late exponential phase growth are circled and those proteins selected for Kterminal microsequencing 
were assigned arbitrary numbers. The letter code indicates the following changes in protein synthesis: d, down-regulation: 
u, up-regulation: i, induced; L, loss of protein. 

Table 2. List of growth -phase-regulated proteins for which Nterminal sequence was obtained 

Spota) MJpl Kterminal sequence Homology Organism M,lP I SWISS-PROT 
Accession No. 

i l  26095/6.21 AEPATKLPIKSEEKGVE Unknown 

u2 3676215.89 HATFETGSAPAETTVN Unknown 

u3 1780Z6.57 MRHFDFSPLYRSTV 16 kD heat shock Escherichia 1577415.57 P29209 

u4 221 57/4.66 MLQAGIIPVTHFEQN Hypothetical protein Haemophilus 2388215.1 2 057544 

RRA 

ATL 

protein A (71.4%) coli 

HI1663 (60%) influenza 

a) Arbitrary numbers assigned to proteins which were up-regulated or induced in late exponential growth phase. The letter 
code indicates the following changes in protein synthesis: u, up-regulation: i. induced. 

4 Discussion proximately 2000 gene products. This 2-D protein map 
could be further resolved into proteomic contigs using 

We present the beginning of a proteomic approach to the narrow-range IPG strips which provided enhanced resolu- 
global analysis of gene expression in S. meliloti. We es- tion ability. The S. melilofigenome is 6.5 Mbp in size [31], 
tablished a 2-0  protein map of S. meliloti containing ap- which could code for approximately 6500 average-sized 
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proteins (each of 330 amino acids and equivalent to 
1 kbp). Assuming that one gene codes for one gene prod- 
uct, we calculate that about 31% of the S. meliloticoding 
capacity was visualised on one 2-D gel within the pH 
range of 4-7 and size range of 10-122 kDa. This level of 
detection and resolution was similar to that obtained with 
R.I. bv trifolii [22]. 

N. Guerreiro, M. A. Djordjevic and B. G. Rolfe 

Eighteen abundant constitutive proteins were Nterminal 
microsequenced and assigned to the S. rnelilofi reference 
map. Fifteen of these were identified on the basis of their 
sequence homology, with six matching to the sequences 
of known rhizobia proteins and nine matching to proteins 
found in other prokaryotes but not previously reported 
in rhizobia. Nterminal sequencing of mature proteins 
was valuable in revealing Nterminal post-translational 
processing and in turn assigning a subcellular location to 
the analysed protein. We identified several novel proteins 
with putatively cleaved signal peptides, indicative that 
they are exported across the inner membrane. Of the 
identified proteins, spot 1 is of particular interest since it 
showed strong homology to a periplasmic amide-urea 
binding protein, thereby possibly representing the binding 
protein component of a novel transport system in rhizobia. 
This solute-binding protein forms part of an active trans- 
port system for the uptake of short-chain amides and urea 
in M. rnefhylotrophus [32]. Short-chain amides and urea 
are used as a source of nitrogen (and carbon in the case 
of amides) for growth and amino acid synthesis once 
hydrolysed by their respective hydrolases [33, 341. Urea 
hydrolysis may also lead to the neutralisation of the micro- 
environment surrounding the bacterium under acidic con- 
ditions which has been shown with the pathogen Helico- 
bacter pylori [35], and such a protective mechanism could 
be utilised by S. melilofiunder acidic soil conditions. Inter- 
estingly, the relative abundance of spot 1 suggests that 
this protein may play an important role in cellular function. 
Furthermore. the amide-urea binding protein was also 
shown to be maximally expressed in M. rnethylotrophos 
during growth under amide or urea limitation [32], which 
was similar to the S. rneliloti growth medium used where 
glutamate was the sole nitrogen source. Five highly abun- 
dant proteins involved in protein chaperoning and transla- 
tion exhibited identical electrophoretic mobilities to homo- 
logues in R.I. bv trifolii [22], indicating that these proteins 
may be highly conserved within rhizobia. Several of these 
proteins, GroEL, DnaK and EF-G, also appeared to be 
present in several isoforms as they were in R.I. bv trifolii. 

Many proteins were observed for which the synthesis 
rates changed during the transition of growth phases. 
These results show the dynamic nature of the S. rneliloti 
proteome which changes in response to varying environ- 
mental conditions. A number of proteins which were syn- 

thesised during early exponential phase growth were 
completely repressed or synthesised at reduced levels in 
late exponential phase growth, while a number of other 
proteins were either up-regulated or induced. Some of 
these growth-phase-related differences could be associ- 
ated with the quorum sensing system which activates the 
expression of genes, operons and regulons at high cell 
densities [36]. We identified an up-regulated protein 
which showed similarity to hydrolases belonging to the 
glyoxalase II family, and also a small heat shock protein 
which functions to protect proteins against degradation. 
Glyoxalase II hydrolases are involved in the restoration of 
reduced glutathione into the glyoxal pathway which is in- 
volved in detoxification of toxic metabolites, such as al- 
pha-oxoaldehydes. These toxic metabolites induce DNA 
rnutagenesis and lead to protein degradation [37]. Toxic 
metabolites are likely to reach high levels as cells ap- 
proach stationary phase; therefore a variety of protective 
mechanisms need to be employed to maintain cell viabili- 
ty. The induction of both a heat shock protein and a puta- 
tive hydrolase that generates reduced glutathione sug- 
gests that cells in late exponential phase may be 
subjected to higher metabolic stress levels than early ex- 
ponential phase cells. 

The addition of the flavonoid luteolin to S. rneliloti 1021 
did not result in any detectable changes in gene expres- 
sion on the 2-D protein maps. This is in contrast to R./. bv 
frifolii strain ANU843 where the flavonoid-induced nodula- 
tion proteins NodA, NodB and NodE are clearly visible on 
2-D protein maps upon the addition of the flavonoid 7,4'- 
dihydroxyflavone [22]. Translational lacZ fusions have 
been used to measure the level of expression of the com- 
mon nodgenes in free-living rhizobia in response to flavo- 
noid inducers. The level of expression of the inducible 
nodgenes has been shown to significantly vary amongst 
the different species of rhizobia. S. rneliloti 1021 has been 
shown to exhibit very low levels of flavonoid-induced nod 
gene induction (1.6-fold increase) unless extra copies of 
the nodD7 gene that encodes a positive nodgene regula- 
tor are artificially elevated [3, 38, 391. Such low levels of 
nod gene products would be difficult to visualise on the 
2-D gels by the detection method used. This is in contrast 
to R.1. bv trifolii, which exhibits high levels of nodgene in- 
duction (up to 100-fold) [40]. It appears that low levels of 
gene expression in S. rnelilofi also lead to low levels of 
the corresponding gene products. 

As the complete nucleotide sequence of nitrogen-fixing 
bacteria become available, proteome analysis will be an 
essential tool in understanding the functional and molecu- 
lar basis of microbial gene expression under nutrient limit- 
ing, plant-associated and symbiotic growth conditions. 
Genomics complemented with proteomics provides a 
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powerful tool for the comprehensive study of complex reg- 
ulatory processes in microbes. A completed genomic 
sequence will allow for the use of alternative protein iden- 
tification approaches such as mass spectrophotometry, 
which offers high throughput and sensitivity, therefore 
enabling a more vigorous analysis of the S. meliloti pro- 
teome. 
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Resource Facility, Australian National University, for per- 
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Three different procedures for the solubilization of yeast (S. cerevisiae) cell proteins 
were compared on the basis of the obtained two-dimensional (2-D) polypeptide pat- 
terns. Major emphasis was laid on minimizing handling steps, protein modification or 
degradation, and quantitative loss of high molecular mass proteins. The procedures 
employed were sonication, followed by (i) protein solubilization with “standard lysis 
buffer (9 M urea, 2% 3-[(3-cholamidopropyI)dimethylam~onio]-l -propanesulfonate 
(CHAPS), 1% dithiothreitol (DTT), 2% v/v carrier ampholytes, (ii) presolubilization of 
proteins with sodium dodecyl sulfate (SDS) buffer, consisting of 1% SDS and 100 mM 
tris(hydroxymethyl)aminomethane (Tris)-HCI, pH 7.0, followed by dilution with “stand- 
a r d  lysis buffer, and (iii) boiling the sample with SDS during cell lysis, followed by dilu- 
tion with thiouredurea lysis buffer (2 M thiourea / 7 M urea, 4% w/v CHAPS, 1% wlv 
DTT, 2% v/v carrier ampholytes). All procedures tested were rapid and simple. How- 
ever, with the first procedure (i), considerable degradation of high Mr proteins occurred. 
In contrast, protein degradation was minimized by boiling the sample in SDS buffer 
immediately after sonication (method ii). Protein disaggregation and solubilization of 
high M, proteins were further improved by pre-boiling with SDS and using thiouredurea 
lysis buffer instead of “standard lysis buffer (procedure iii). 

Keywords: Immobilized pH gradient I Saccharomyces cerevisiae / Two-dimensional polyacryl- 

amide gel electrophoresis /Yeast protein solubilization EL 3347 

1 Introduction 

High-resolution two-dimensional (2-D) gel electrophoresis 
is the core technology in proteome analysis. Since thou- 
sands of gene products can be separated and, in combi- 
nation with computer-aided image analysis, analyzed 
simultaneously, this approach is now being widely used to 
establish protein databases from all kinds of samples. 
Theoretically, the information stored in these 2-0 data- 
bases can be exchanged between different laboratories, 
but in practice the exchange of data is hampered by the 
fact that in many cases the 2-D polypeptide patterns of 
the same sample analyzed in different laboratories are 
not identical. Although one reason responsible for this 
lack of reproducibility, namely the spatial irreproducibility 
of carrier ampholyte-generated pH gradients, has been 
overcome by the introduction of 2-D PAGE with immobi- 
lized pH gradients (IPG-Dalt) [ l ,  21, the problem of effi- 
cient and reproducible sample preparation prior to 2-D 
PAGE is still unsolved for a variety of samples. 
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Abbrevlatlon: IPG-Dell, two-dimensional gel electrophoresis 
with immobilized pH gradient 

Typically, sample preparation includes the following 
steps: (i) lysis (breakage) of the cell wall, (ii) inactivation 
or removal of interfering substances (e.g., proteases, nu- 
cleic acids or plant phenols), and (iii) protein solubilization 
(i.e., disruption of protein aggregates or complexes into a 
solution of individual polypeptides) [3]. Unfortunately, 
there is no single sample preparation method which can 
be applied for all kinds of samples. Nevertheless. inde- 
pendently from the sample preparation method used, it is 
of great importance to minimize protein modification or 
degradation which otherwise would result in artifactual 
spots on the 2-0 patterns, and to employ a sample solubi- 
lization procedure as efficient as possible to avoid quanti- 
tative loss of high molecular mass proteins, membrane 
proteins, and/or nuclear proteins. 

Depending on the nature of the sample, more or less 
widely used methods for the disruption of cell walls are 
autolysis (e.g., by incubation with toluene), enzymatic ly- 
sis (e.g., with lysozyme or P-glucanase), grinding of the 
deep-frozen cell pellet in a liquid nitrogen-cooled mortar, 
glass-bead beating, or sonication. Tissues are often dis- 
rupted in the presence of sample solubilization buffer. All 
these procedures have their advantages and disadvan- 
tages. Proteolytic enzymes present within the sample 
have to be inactivated by adding (during cell lysis) protei- 
nase inhibitors, Tris base, or high amounts of urea and 
DTT, by TCNacetone precipitation, or by boiling the sam- 
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ple in SDS buffer. Yet, it should be kept in mind that cer- 
tain proteases retain their activity even under rather harsh 
conditions. 

Following cell disruption and inactivation of interfering 
substances, proteins have to be solubilized. The most 
common protein solubilization procedures are based on 
O'Farrell's method [4], using mixtures of 2 4 %  nonionic 
(e.g., NP-40 or Triton X-100) or zwitterionic (e.g., 
CHAPS) detergent, 9-10 M urea, 1% DTT, and 2% carrier 
ampholytes. Although these procedures work well with 
the majority of samples, there are protein complexes 
which are not disrupted by these agents, so that certain 
proteins are either missing or insufficiently resolved on 
the 2-D pattern. In contrast to urea, SDS disrupts almost 
all noncovalent protein interactions. However, because of 
its deleterious effects on IEF, it has to be displaced from 
the proteins with a nonionic or zwitterionic detergent 
(such as NP-40 or CHAPS) prior to IEF. In practice, this is 
achieved by first solubilizing the proteins with SDS buffer, 
followed by dilution with excess lysis buffer. Although 
SDS is an efficient solubilizing agent, one problem of this 
approach is that certain proteins tend to reaggregate after 
SDS has been replaced by a less eff icient detergent, 
causing streaks or precipitates on the 2-D gel. In order to 
increase the solubilizing power of the "standard lysis buf- 
fer, Rabilloud and co-workers [5] have tested a range of 
detergents and chaotrops. As a result, they proposed to 
replace the standard lysis buffer by a mixture of 2 M thio- 
urea and 7 M urea, plus a high concentration of an effi- 
cient detergent (e.g., 4% CHAPS), 1% DTT, and 2% carri- 
er ampholytes. 

The aim of the present study was to compare three differ- 
ent procedures for solubilizing yeast cell proteins for IPG- 
Dalt analysis. Besides simplicity and reproducibility, spe- 
cial emphasis was placed on minimizing protein degrada- 
tion and quantitative loss of high molecular mass proteins. 
The procedures employed were cell lysis by sonication 
and (i) protein solubilization with "standard lysis buffer, 
(ii) presolubilization of proteins with SDS, followed by dilu- 
tion with "standard lysis buffer, and (iii) boiling the sample 
with SDS during cell lysis, followed by dilution with thiour- 
edurea lysis buffer. 

2 Materials and methods 

2.1 Apparatus and chemicals 
All apparatus for IEF and horizontal electrophoresis (Mul- 
tiphor II electrophoresis chamber, Macrodrive V power 
supply, DryStrip kit, gradient mixer), Immobilines, Phar- 
malyte pH 3-10 and GelBond PAGfilm were from Arner- 
sham Pharmacia Biotech (Uppsala. Sweden). The Dalt 

apparatus for multiple runs was from Hoefer Amersham 
Pharmacia Biotech (San Francisco, CA, USA). Acryl- 
amide (2 x crystallized), N,N'-methylenebisacrylarnide 
and SDS were from Serva (Heidelberg, Germany). Tris 
(hydroxymethy1)aminomethane (Tris), iodoacetamide, di- 
thiothreitol (DTT) and CHAPS were from Sigma (St. 
Louis, MO, USA). Thiourea was from Fluka (Buchs, Swit- 
zerland). Synthetic medium (YNB) for yeast cell growth 
was from Difco (San Francisco, CA, USA). All other 
chemicals (analytical or biochemical grade) for yeast cell 
growth, protein solubilization, electrophoresis and silver 
staining were from Merck (Darrnstadt, Germany). 

2.2 Yeast cell growth 

The haploid wild-type strain S288c (suc2 ma1 gal cupl) 
(Deutsche Samrnlung fur Mikroben und Zellinien, 
Braunschweig, Germany) of Saccharomyces cerevisiae 
was grown at 3OoC in defined synthetic YNB medium 
(6.7 g/L) supplemented with 20 g/L w/v glucose and buff- 
ered with sodium hydroxide (6 g/L w/v) / succinic acid 
(10 g/L w/v) to pH 5.8. Cells were harvested by centrifu- 
gation in the late mid-exponential phase when the culture 
had reached an OD of 1 .O. washed in ice-cold deionized 
water, and spun (16 000 x g, 15 min). Yeast cell pellets 
were transferred into individual 1.5 mL Eppendorf tubes 
and stored at -78OC if not processed immediately. 

2.3 Cell lysis and protein solubilization 

Three different protein solubilization procedures were 
compared: (i) To the yeast cell pellet (5 mg dry weight) 
were added 200 pL of "standard lysis buffer (9 M urea, 
1 % w/v DTT, 2% w/v CHAPS, 2% v/v carrier ampholytes, 
pH 3-10, and 10 mM Pefabloc" proteinase inhibitor) and 
sonicated three times for 1 s each (60 W, 20 kHz) with in- 
termediate cooling on ice. After cell lysis, the sample was 
spun (16 000 X g, 20 rnin, 15OC). (ii) To the yeast cell pel- 
let (5 mg dry weight) were added 200 pL of SDS sample 
buffer (1 % w/v SDS, 100 mM Tris-HCI, pH 7.0); sonica- 
tion was performed as above. After cell lysis, the sample 
was boiled for 5 min, cooled in an ice-bath, diluted with 
500 pL of "standard lysis buffer, and spun as above. 
(iii) To the yeast cell pellet were added 200 pL of hot 
(95OC) SDS sample buffer (1% w/v SDS, 100 mM Tris- 
HCI, pH 7.0) and sonified (3 x 1 s). After cell lysis, the 
sample was additionally boiled for 5 rnin, cooled in an ice- 
bath, diluted with 500 pL of thiouredurea lysis buffer (2 M 

thiourea, 7 M urea, 4% w/v CHAPS, 1% w/v DTT and 2% 
v/v carrier ampholytes, pH 3-10), shaken for 1 h, and 
spun (16 000 x g, 20 min). The clear supernatants were 
removed and stored at -78OC until analyzed. 
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2.4 IPG-Dalt of yeast cell proteins 

IPG-Dalt was carried out according to Gorg eta/. [l, 2, 61 
(for further details see also http://www.weihenstephan.de/ 
blm/deg/manual/manfrm.htm). IPG gels with linear gradi- 
ents pH 4-9 (4%T, 3%C; size, 250 x 180 x 0.5 mm) were 
cast as described [6]. The washed and dried IPG gels 
were then cut into 3 mm wide IPG strips which were rehy- 
drated overnight to their original thickness of 0.5 mm with 
a solution consisting of 8 M urea, 0.5% CHAPS, 0.2% 
DTT and 0.2% Pharmalytes, pH 3-10, The rehydrated 
IPG gel strips were placed onto the cooling plate of a flat- 
bed IEF chamber. Sample volumes of 20 pL were applied 
into silicone frames directly placed onto the surface of the 
rehydrated IPG strips (anodic sample application), where- 
as larger sample volumes (up to 100 pL) were applied 
with the help of sample application cups (Pharmacia Dry- 
Strip kit). Sample load was about 60 pg of protein per IPG 
strip. IEF was performed at 2OoC [7] for 28 000 Vh [8]. 
Following IEF, the IPG gel strips were stored in a plastic 

kDa 

90- 

55- 

37- 

25- 

bag at -78OC. Prior to the second dimension of IPG-Dalt, 
the IPG gel strips were equilibrated for 2 X 10 min in 2 X 

10 mL equilibration solution (50 mM Tris-HCI buffer, pH 
8.8, containing 6 M urea, 30 % w/v glycerol, 2% w/v SDS). 
D lT  (1% w/v) was added to the first equilibration solution, 
and iodoacetamide (4% w/v) to the second [l]. Second-di- 
mensional SDS-PAGE (1 3%T, 2.7%T; Laemmli [9] buffer 
system) was carried out simultaneously on ten slab gels 
(210 X 185 X 1.0 mm) in a Dalt tank [6, 101. Silver staining 
was done according to a modified procedure of Blum et 
a/. [ll]. 

3 Results and discussion 

Three different procedures for the solubilization of yeast 
cell proteins were compared on the basis of their 2-D 
polypeptide patterns. Major emphasis was laid on mini- 
mizing protein modification and degradation, and high 
yield of high M, proteins. All methods tested were rapid 
and simple. However, there were considerable differen- 

Figure 1. Comparison of three different solubilization procedures for yeast cell proteins. Yeast cell were sonicated in the 
presence of (A) “standard lysis buffer, (B) SDS, followed by dilution with “standard lysis buffer, and (C) boiled with SDS 
during cell lysis, followed by dilution with thiouredurea lysis buffer. IPG-Dalt according to Gorg eta/. [l, 2, 61. First dimen- 
sion: IPG-IEF 4-9 (section). Second dimension: SDS-PAGE (13%T, 2.6%C). Silver stain [l 11. MET6, methionine 
synthase. 
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ces in protein degradation and quantitative loss of high M, 
proteins between the individual procedures. With proce- 
dure (i), i.e., sonication of yeast cells in the presence of 
“standard lysis buffer, low Mr polypeptides (c30 kDa) 
were the predominant species on the 2-D gel, whereas 
only a small number of higher Mr proteins > 50 kDa was 
detectable (Fig. 1A). Obviously, significant protein degra- 
dation had occurred during (or after) cell disruption due to 
insufficient inactivation of endogenous proteases. 

In order to minimize proteolytic breakdown, a modified 
procedure (ii) was employed in which yeast cell proteins 
were disrupted in the presence of SDS instead of urea. 
Immediately after cell disruption, the extract was boiled 
for 5 min for inactivation of endogenous proteolytic en- 
zymes as well as for improved protein solubilization (Fig. 
16). From a comparison between Figs. 1 A and 1 B it is ob- 
vious that protein degradation was considerably reduced 
due to the SDS treatment, and - in contrast to procedure 
(i) -proteins in the M, range between 25 and 50 kDa were 
the predominant species on the 2-D pattern. Despite 
these improvements, a number of proteins in the 2-D gel 
region above 60 kDa seemed to be missing, as could be 
calculated from the sequenced yeast genome. Possibly, 
“standard lysis buffer is not efficient in keeping certain 
high M, proteins in a soluble state after the removal of 
SDS from the proteins. 

In order to increase the solubilizing power of the lysis sol- 
ution, procedure (ii) was modified in such a way that the 
“standard lysis buffer was replaced by a lysis buffer 
which contained 2 M thiourea, 7 M urea; additionally, the 
CHAPS concentration was increased from 2% to 4% (Fig. 
IC). To be sure that endogenous proteases were inacti- 
vated during cell disruption as far as possible, procedure 
(ii) was also modified in such a way that cell lysis was per- 
formed by sonication in presence of hot SDS buffer in- 
stead of working at low temperatures. In comparison to 
procedure (ii), a larger number of high Mr proteins in the 
range above 60 kDa was detectable (Fig. 1C). Computer 
densitometric evaluation revealed that the number of 
spots detectable on the 2-D pattern shown on Fig. 1C ex- 
ceeded the number of spots present on the 2-D pattern of 
Fig. 1 B by more than 50%. 

4 Concluding remarks 

In yeast cells, endogenous proteolytic enzymes comprise 
the major source of problems with respect to protein deg- 
radation and modification during sample preparation for 
2-D electrophoresis. Given that these proteases have re- 
tained at least part of their activity during cell disruption, 
raising the temperature (even in presence of SDS) prior 
to electrophoresis can activate them and generate arti- 
facts [12]. This formation of artifacts can be avoidad by 
heating the sample in SDS buffer prior to, and during, cell 
disruption. To keep the extracted proteins in solution after 
removal of SDS, superior results were obtained with thio- 
uredurea buffer in comparison to “standard lysis buffer 
not containing any thiourea. In order to further simplify the 
procedure, investigations are underway in which yeast 
cells are rapidly disrupted in the presence of thiuored 
urea buffer with a more powerful sonifier than the one 
used in the present study. 
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A nondenaturing protein map of human plasma 
proteins correlated with a denaturing polypeptide 
map combining techniques of micro 
two-dimensional gel electrophoresis 

Takashi Manabe 
Hltoml Mlzuma 
Kenji Watanabe 

Department of chemistry, 
Faculty of Science, Ehime 
University, Matsuyama, 
Japan Human plasma proteins were separated by combining four types of two-dimensional 

electrophoresis (2-DE) techniques to obtain systematic information on proteins and 
their constituent polypeptides. A micro gel system was employed to facilitate the analy- 
sis. A plasma sample was first analyzed under nondenaturing conditions of electro- 
phoresis (Type I 2-DE) to characterize the properties of proteins under physiological 
conditions. The sample was then analyzed, employing nondenaturing isoelectric focus- 
ing in the first dimension and sodium dodecyl sulfate (SDS) electrophoresis in the sec- 
ond dimension (Type II 2-DE), to study the dissociation of noncovalently bound protein 
subunits. In the third type of 2-DE (Type 111 2-DE). proteins were separated by nonde- 
naturing isoelectric focusing and treated with urea/mercaptoethanol/SDS and then 
subjected to second-dimension SDS electrophoresis, to study the dissociation of disul- 
fide-bonded polypeptides. In the fourth type of 2-DE (Type IV 2-DE), the conditions of 
denaturing 2-DE were employed; the sample was treated with SDS-mercaptoethanol- 
urea-Nonidet P-40, separated by denaturing isoelectric focusing, and then subjected to 
SDS electrophoresis. The combined 2-DE technique will be useful to construct a com- 
prehensive database of plasma proteins combining a “nondenaturing protein rnap” (a 
protein map) and a “denaturing protein map” (a polypeptide rnap). 

Keywords: Nondenaturing conditions / Denaturing conditions / Protein map / Polypeptide map / 
Human plasma proteins / Two-dimensional polyacrylamide gel electrophoresis EL 3321 

1 Introduction 

A technique of two-dimensional polyacrylarnide gel elec- 
trophoresis (2-DE), which employs denaturing agents in 
both dimensions [l], has been successfully used to ana- 
lyze the structure of polypeptides expressed in cells or in 
other complex protein systems, making it possible to cor- 
relate gene structures with their expression products. The 
analyzed polypeptide structure includes information on 
various post-translational modifications. However, further 
information is required if we aim to reconstruct the struc- 
ture of proteins with physiological activities. Human plas- 
ma proteins have been analyzed by denaturing 2-DE 
[2-5) and information on denatured proteins (polypepti- 
des) has been accumulated as databases [6, 71. In order 

Correspondence: Dr. Takashi Manabe, Department of Material 
Science (Chemistry Group), Faculty of Science, Ehime Universi- 
ty, Matsuyama-City, 790-77 Japan 
E-mall: manabet@dpc.ehime-u.ac.jp 
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Abbrevlatlons: a2M, @-macroglobulin; Apo B, apolipoprotein 
8-100; CBB, Coomassie Brilliant Blue; HDL, high density lipopro- 
tein; IgA. immunoglobulin A; IgG, immunoglobulin G; IgM, immu- 
noglobulin M; LDL, low density lipoprotein 

to acquire information on proteins in physiological condi- 
tions, we have developed a nondenaturing 2-DE tech- 
nique and applied it to analyze proteins in various body 
fluids including human plasma [8, 91. Major plasma pro- 
teins have been identified by electrophoretic blotting fol- 
lowed by immunochemical staining [ 1 O]band the results 
have been summarized as a “protein map”. Enzyme activ- 
ities can be detected on the 2-0 gels [l 11 and the dissoci- 
ation process of lipoproteins into apolipoproteins can be 
analyzed by modifying the process of IEF gel equilibration 
[12, 131. In this paper, we describe attempts to correlate a 
protein map obtained by nondenaturing 2-DE of plasma 
proteins with a map obtained by denaturing 2-DE [6. 71. 
Four types of 2-DE technique have been combined to cor- 
relate the protein map with the polypeptide map and the 
dissociation of proteins into their constituent polypeptides 
have been traced. 

2 Materials and methods 

2.1 Materials 

Ammonium persulfate, N,K-methylenebisacrylamide (Bis), 
and N,N,N’,N‘-tetramethylethylenediamine (TEMED), all 
special grade for electrophoresis, were from Wako Pure 
Chemical Industries (Osaka, Japan). Acrylamide. special 
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grade for electrophoresis, was from Daiichi Pure Chemi- 
cals (Tokyo, Japan). Ampholine pH 3.5-10 was from Phar- 
macia LKB Biotechnology (Uppsala, Sweden). Coomassie 
Brilliant Blue R-250 (CBB) was from Fluka Chemie AG 
(Buchs, Switzerland). Human blood from an apparently 
healthy individual (23 years, female) collected in heparini- 
zed tubes was centrifuged at 3000 x g for 10 min. Blood 
collected in dry tubes was kept for 4 h in order to achieve 
complete coagulation. Plasma and sera supplemented 
with sucrose to a final concentration of 40% w/v were 
ividedintosmallaliquotsand keptat-20 OC. 

2.2 Micro 2-DE 

The apparatus for micro 2-DE (14, 151 and the automated 
apparatus for gradient gel preparation (161 were used. 
For micro 2-DE, four different combinations of first- and 
second-dimensional electrophoresis were employed, 
namely, (i) without denaturants in both dimensions, (ii) 
without denaturants in the first dimension and with SDS in 
the second dimension, (iii) without denaturants in the first 
dimension, the IEF gel equilibrated with urea and mercap- 
toethanol. and with SDS in the second dimension, and 
(iv) in presence of urea and NP-40 in the first dimension 
and with SDS in the second dimension. 

2.2.1 Type I 

The first type of micro 2-DE (Type I) was performed 
as described previously [ lo,  151: The plasma sample 
(2.0 pL) was subjected to isoelectric focusing in the ab- 
sence of denaturants employing column gels (1.3 I$ x 
35 mm) which contained Ampholine pH 3.5-10 and Am- 
pholine pH 3.5-5 in final concentrations of 2% and 0.5%, 
respectively: isoelectric focusing was run at 0.1 mA/tube 
constant current until a voltage of 300 V was reached 
(about 30 min) and continued at 300 V/cm constant volt- 
age for 40 min. The focusing gels were transferred onto 
the second-dimensional slab gels, equilibrated for 10 min 
with 0.01 M glycine-0.076 M Tris (pH 8.3), and electro- 
phoresis was run in 4-17 % acrylamide linear gradient mi- 
croslab gels without denaturants (38 x 38 x l mm) at 
10 mAfslab constant current. Electrophoresis was contin- 
ued until the spot of albumin, visualized by binding with 
bromophenol blue (BPB) added in the electrophoresis 
buffer, moved to about 15 mm from the bottom end of the 
slab gels (about 50 rnin). 

2.2.2 Type II 

In the second type of micro 2-DE [12] (Type II), isoelectric 
focusing was performed as in technique (i), except the 
sample volume was 1 .O pL. The focusing gels were trans- 

ferred, equilibrated for 20 min with 2% SDS - 0.01 M Tris 
- 0.076 M glycine buffer (pH 8.3), and electrophoresis 
was run in the gradient micro slab gels containing 0.1% 
SDS at 10 mA/slab constant current. Electrophoresis was 
continued until the band of BPB moved to about 3 mm 
from the bottom end of the slab gels (about 40 min). 

2.2.3 Type 111 

In the third type of micro 2-DE (Type Ill), isoelectric focus- 
ing was performed as in technique (ii). The focusing gels 
were transferred, equilibrated for 20 rnin with 0.026 M 

Tris-HCI buffer (pH 6.8) containing 2% SDS-5% mercap- 
toethanol-8 M urea, and electrophoresis was run as in 
technique (ii). 

2.2.4 Type IV 

The fourth type of micro 2-DE (Type IV) was performed 
by modifying the method of Anderson and Anderson [3]. 
One volume of plasma sample, containing 40% sucrose, 
was mixed with one volume of solubilizing solution of 4% 
SDS-lO% mercaptoethanol. The mixture was heated at 
95 OC for 5 min and centrifuged at 10 000 x g for 3 min; 
then an 0.8 pL aliquot was subjected to IEF. lsoelectric fo- 
cusing was run in micro column gels, containing 8 M urea, 
1% NP-40, and 2% Ampholine pH 3.5-10, at 0.1 mA/tube 
constant current until 300 V was reached (about 40 min), 
then at 300 V constant voltage for an additional 80 min. 
The focusing gels were transferred and equilibrated with 
0.026 M Tris-HCI buffer (pH 6.8) containing 2% SDS-5% 
mercaptoethanol-10% glycerol for 20 min. The second-di- 
mensional electrophoresis was run as technique (ii). The 
slab gels were stained in 0.1% CBB R-250 in 50% v/v 
methanoln% v/v acetic for 15 min, and destained in 20% 
v/v methanoln O h  acetic acid for 2 h. SDS-containing slab 
gels were washed in 50% v/v methanol/7% v/v acetic acid 
for 15 min before staining to remove carrier ampholytes. 

2.3 Estimation of isoelectric polnts and 

lsoelectric points of proteins were estimated according to 
the “normalized map” [9] of human plasma proteins. Mo- 
lecular weights of plasma proteins in SDS slab gels were 
estimated by coelectrophoresis of high molecular weight 
and low molecular weight calibration kits (Pharmacia LKB 
Biotechnology) and preparation of a standard curve of 
molecular weight versus mobility. 

molecular weights of plasma proteins 

2.4 Identification of plasma proteins and 

Proteins on “Type I” (nondenaturing) and “Type 11” (non- 
denaturing IEF. then SDS electrophoresis) 2-DE patterns 

polypeptides 
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were identified referring to the "identification map" of hu- 
man plasma proteins [lo]. Also, proteins on 'Type ll"- and 
'Type 111" (nondenaturing IEF, equilibration with urea and 
reducing agent, then SDS electrophoresis) 2-DE patterns 
were identified by blotting-immunochemical identification 
[lo]. Proteins on 'Type IV" (denaturing) 2-DE patterns 
were identified referring to the papers which dealt with the 
plasma protein identification on denaturing 2-DE [3, 6, 71. 

T. Manabe, H. Mizuma and K. Watanabe 

3 Results and discussion 

ing [ lo] and some of the major plasma proteins are locat- 
ed in the figure. When a nondenaturing IEF gel was equili- 
brated with the SDS solution and subjected to slab gel 
electrophoresis in the presence of SDS (Type II 2-DE), 
the pattern shown in Fig. 2 was obtained. Comparing the 
two separation patterns, the following information is ob- 
tained: (i) Most of the major plasma proteins do not disso- 
ciate into subunits by the addition of SDS. These results 
are in accordance with their structural information - that 
they have interchain disulfide bonds. Then major plasma 
proteins can be identified on the Type II 2-DE pattern, 
since the relative location of proteins in the IEF axis is not 
changed. (ii) The estimation of molecular mass for pro- 
teins which have p l  values larger than six became possi- 
ble by the addition of SDS in the second dimension. In the 

3.1 Comparisons between a nondenaturing 
(Type I) 2-DE 
SDS (Type II) 2-DE pattern 

and a nondenatur'ngl 

A nondenaturing (Type I) 2-DE pattern is shown in Fig. 1. 
Major plasma proteins have been identified on the pattern 
referring to the results of blotting-immunochemical stain- 

15- 

B- 

7- 

pattern of Type 12-DE (Fig. l ) ,  the bands of immunoglo- 
bulin G (IgG) and immunoglobulin M (IgM) are curved 
since the more basic species have the smalle! number of 
negative charges. These bands showed uniform molecu- 
lar mass distribution in the pattern of Type I1 2-DE (Fig. 2) 
because of the large negative charge acquired by the 
binding of many SDS molecules. (iii) High density lipopro- 
teins (HDL) dissociated into constituent apolipoproteins, 
Apo A-I Apo A-11, and Apo Cs [12]. The distribution pat- 
terns of these apolipoproteins in the IEF axis are not uni- 
form, suggesting that they are weakly associated and 
may be present as heterogeneous complexes under 

300 - 

200 - 

100 - 

67 - 

Figure 1. Nondenaturing (Type I) 2-DE of human plasma 
proteins. A sample of normal human plasma was subject- 
ed to isoelectric focusing (IEF) in the absence of denatur- 
ants, the IEF gel (35 mm long X ID 1.3 mm) was set on a 
micro slab gel (38 x 38 x 1 mm) of polyacrylamide pore 
gradient (4.2%T-17.85YOT linear gradient, 5%C), and the 
second-dimensional electrophoresis was run in the ab- 
sence of denaturants. Abbreviations: %M, a,-macroglo- 
bulin; LDL, low density lipoprotein; IgM, immunoglobulin 
M; HP 2-1, haptoglobin Phenotype 2-1 Polymer series; 
IgA, immunoglobulin A; Fb, fibrinogen; IgG, immunoglo- 
bin G; HDL, high density lipoprotein; C4, complement fac- 
torC4; C3, complement factor c3; cp, CeruloPlasmin; 
Tf, transferrin; Hpx, hemopexin; a2HS %-HS glYCoPr0- 
tein; alAT, al-antitrypsin; Gc2-1, Gc-globulin Phenotype 
2-1; Alb, albumin. 

Figure 2. Type II (nondenaturing/SDS) 2-DE of human 
plasma proteins. The IEF conditions were the same as in 
Fig. 1, the IEF gel was set on a micro slab gel, equilibrat- 
ed with a buffer which contained 2% SDS, then the 
second-dimensional electrophoresis was run in the pres- 
ence of 0.1% SDS. The size and the acrylamide gradient 
of the slab gel were the same as in Fig. 1. 

2a - 

17- 
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physiological conditions. (iv) SDS equilibration leads to 
appearance of about twenty spots of molecular mass 
smaller than albumin, all only weakly stained by CBB 
staining. These spots must be the constituents of protein 
complexes which are formed by noncovalent bonds. The 
identification of these proteins awaits further investiga- 
tion. (v) The size distribution of haptoglobin polymer 
series (phenotype 2-1) did not change with the SDS treat- 
ment, since the subunits are disulfide-bonded. In contrast, 
a:, macroglobulin (a2M), apparent molecular mass in non- 
denaturing 2-DE (Fig. 1) being about 600 000 Da, seems 
to have dissociated into its half-molecule (apparent mo- 
lecular mass about 320 000 Da). These results are incon- 
sistent with the fact that it is a homotetramer consisting of 
two pairs of disulfide-linked monomers [17]. 

3.2 Comparisons between a nondenaturind 
SDS (Type II) 2-DE pattern and a 
nondenaturingheduced-SDS (Type 111) 
2-DE pattern 

When a nondenaturing IEF gel was equilibrated with 8 M 

~rea -5 ”~  mercaptoethanol-2% SDS and subjected to the 
second-dimensional SDS electrophoresis, the pattern 
shown in Fig. 3 was obtained. Major plasma proteins were 
identified on the pattern referring to the identification re- 
sults shown in Fig. 2. Some protein spots disappeared, 
but new spots appeared at the corresponding p l  position 
with different molecular mass positions. These spots were 
assumed to be dissociated by the equilibration procedure 
and were listed as the candidate spots of the constituent 
polypeptides of the original (vanished) protein identified in 
Fig. 2. Since the information on subunit structure and on 
amino acid sequence is available for major plasma pro- 
teins, the molecular mass values of the constituent poly- 
peptides were calculated and were used to identify the 
polypeptides among the candidate spots. Further, the mo- 
lecular mass values of the polypeptides in the literature 
on denaturing 2-DE of human plasma proteins [6, 71 were 
also used for the identification. Comparing the Type II 
(Fig. 2) with the Type Ill pattern (Fig. 3), the following ma- 
jor changes were observed: (i) Haptoglobin polymer ser- 
ies (phenotype 2-1) completely dissociate into constituent 
polypeptide chains, a’, a2, and P-chains. which appear at 
the same p l  position (about p14.5) in Fig. 3. (ii) a2M fur- 
ther dissociates into its monomers, showing apparent mo- 
lecular mass of about 170 000 Da (171. (iii) The molecular 
mass of transthyretin (prealbumin) varied depending on 
the time length of equilibration. Longer equilibration 
(30 min) caused two spots, at p l  4.8/molecular mass 
34 000 Da and pl4.8/molecular mass 17 000 Da; shorter 
equilibration (20 min) caused one spot (Fig. 3) at the larg- 
er molecular mass (34 000 Da). Since transthyretin is a 
homotetramer of subunits of molecular mass of about 

7 0  
I I 3 4 p‘ 5 

I I 

Mr(xl0’) 
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Figure 3. Type 111 (nondenaturinglreduced-SDS) 2-DE of 
human plasma proteins. The IEF conditions were the 
same as in Fig. 1, the IEF gel was set on a micro slab gel, 
equilibrated with a buffer which contained 8 M urea-5 O h  

mercaptoethanol-2% SDS, and then the second-dimen- 
sional electrophoresis was run in the presence of 0.1% 
SDS. The size and the acrylamide gradient of the slab gel 
were as in Fig. 1. Abbreviations: Apo B, apolipoprotein 
8-100. 

16 000 Da and antiparallel P-sheets of the monomers link 
monomers into dimers [18], further treatment of the gel 
with the urea-containing equilibration solution will fully dis- 
sociate transthyretin into monomers. (iv) Apo A-ll dimer 
dissociates into monomers as shown in Fig. 3. (v) Fibrino- 
gen (molecular mass about 300 000 Da in Type II pattern; 
Fig. 2) dissociates into constituent polypeptides; the a- 
chains are tentatively located at the spot at p/5.8/molecu- 
lar mass 94 000 Da and y-chains at p/5.8/molecular mass 
45 000 Da. However, P-chains could not be identified, 
possibly because the spot overlapped with the dense spot 
of albumin. (vi) Apo El-100, which is the protein moiety of 
low density lipoprotein (LDL; Fig. l ) ,  was clearly observed 
at the corresponding p l  position (pl 6.0) and molecular 
mass about 500 000 Da. (vii) IgG and IgM dissociate into 
constituent polypeptides, heavy chains (molecular mass 
50 000 Da) and light chains (25 000 Da). However, a ser- 
ies of dense bands appeared around pl6-8 and molecu- 
lar mass about 100 000 Da, suggesting that the reducing 
process (5% mercaptoethanol, room temperature, on top 
of the second-dimensional slab gel, for 20 min) is not suf- 
ficient to dissociate all the IgG polypeptides. 
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3.3 Comparisons between a nondenaturing 
reduced-SDS (Type 111) 2-DE pattern and a 
denaturing (Type IV) 2-DE pattern 

When the plasma sample was subjected to Type IV 2-DE, 
modifying the method reported by Anderson and Ander- 
son [3] for our micro gel system 1121, the pattern shown in 
Fig. 4 was obtained. Since the relative locations of spots 
on the micro slab gels (40 x 40 mm) were similar to those 
on larger gels (160 x 160 mm) [3], we could identify major 
plasma polypeptides referring to the identification results 
on denaturing 2-DE patterns [3, 6, 71 (some of which are 
shown in Fig. 4). Comparing the pattern in Fig. 4 with that 
in Fig. 3, it is obvious that the locations of proteins in the 
IEF dimension are quite different from each other. The 
two patterns can be correlated if the Type 111 2-DE pattern 
(Fig. 3) has been analyzed by correlating it with Type I 
(Fig. 1) and Type II (Fig. 2) patterns. Since the patterns in 
Figs. 1-3 are obtained by using the same IEF conditions 
(nondenaturing), correlation of the three patterns is rela- 
tively easy. We have identified and correlated the loca- 

c acidic bask 4 

~ r ( x 1 0 ~ )  
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Figure 4. Type IV (denaturing) 2-DE of human plasma 
proteins. The plasma sample was treated with urea-mer- 
captoethanol-NP-40 as described in Section 2.2, subject- 
ed to IEF in the presence of urea and NP-40; the IEF gel 
was set on a micro slab gel, equilibrated with a buffer 
which contained 8 M urea - 5% mercaptoethanol - 2% 
SDS, and then the second-dimensional electrophoresis 
was run in the presence of 0.1% SDS. The size and 
the acrylamide gradient of the slab gel were as in Fig. 1. 
Abbreviations: alB, a,-glycoprotein 8; alAG, al-acid 
glycoprotein; Apo C-Ill, apolipoprotein C-Ill. 

tions of major plasma proteins on Type I, Type I I ,  and 
Type 111 patterns by using specific antibodies. Moreover, 
on the Type I (nondenaturing) 2-DE pattern, proteins can 
be identified by their biological functions. Therefore, Type 
I, Type 11,  and Type 111 patterns are to be used as a set to 
analyze the proteins present under physiological condi- 
tions. Type IV (denaturing) 2-DE patterns provide the in- 
formation on p l  molecular mass, and partial amino acid 
sequence of each polypeptide which is important to 
analyze the process of gene expression. Amino acid se- 
quence analyses of polypeptides separated on Type 111 
2-DE patterns will provide more detailed information on 
the construction of proteins from their constituent poly- 
peptides. 

The patterns in Fig. 3 (Type 111 2-DE) and Fig. 4 (Type IV 
2-DE) are complementary in providing information on pol- 
ypeptides in human plasma. Note, however, that the pat- 
tern in Fig. 3 shows many dense spots with a molecular 
mass larger than 100 000 Da, whereas the pattern in Fig. 
4 has fewer spots in this region. In nondenaturing IEF, 
plasma samples were subjected to IEF without treatment, 
most of the proteins entered the IEF gel, and all the pro- 
teins in the IEF gel moved the second-dimensional slab 
gel. However, in denaturing IEF, a part of the plasma pro- 
teins became insoluble by treatment with urea-reducing 
agent NP-40. The use of SDS in sample treatment im- 
proved the solubility of plasma proteins; nevertheless, a 
fraction of insoluble proteins remained at the top end of 
the IEF gel. This might be the reason that the spots of 
high molecular weight polypeptides, apo-B, a2-macroglo- 
bulin, complement C3 a-chain, ceruloplasmin, efc. were 
not detected or only faintly stained in the denaturing 2-DE 
pattern (Fig. 4). 

4 Concluding remarks 

Human plasma proteins were analyzed by combining four 
types of two-dimensional electrophoresis. Type I, Type 11, 
and Type 111 2-DE patterns are useful to know how poly- 
peptides associate to form functional proteins, and the 
three patterns could be correlated with Type IV 2-DE pat- 
terns, which had been proved to be useful in obtaining 
structural information of plasma polypeptides. Compara- 
tive studies of the 2-DE patterns were facilitated by using 
the micro gel system. The combined technique of 2-DE 
presented above will provide information to construct a 
comprehensive database on human plasma proteins. Al- 
so, the technique should be applicable to the comprehen- 
sive analysis of other complex systems of soluble pro- 
teins, such as cytosol proteins of various cells. 

Received September 1,1998 
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We have previously described the major components of rat serum (Electrophoresis 
1998, 19, 1484-1492 and 1493-1500). In this report we examine sex-related differen- 
ces in protein concentrations, both in control animals and upon experimentally induced 
inflammation. Under baseline conditions approximately one third of the spots resolved 
in serum by two-dimensional electrophoresis (2-DE) are expressed at levels 2 25% 
higher in female rats than in male rats and a further 10% at levels 2 25% lower. Inflam- 
mation increases the expression of the positive acute-phase reactants: hemopexin, 
ceruloplasmin, al-antitrypsin (all approximately 2-fold), C-reactive protein (3- to 5-fold), 
serine protease inhibitor-3 (4- to 5-fold), thiostatin (> 5-fold in females, > 20-fold in 
males), clusterin, orosomucoid, haptoglobin chains and a,-macroglobulin. The base- 
line level of the last four markers is below the detection limit, hence no percent 
increase can be computed. Conversely, negative acute-phase reactants are reduced 
on inflammation: al-inhibitor 111, a'-HS-glycoprotein, kallikrein-binding protein and 
transthyretin (all reduced to between 1/2 to 1/3 of the baseline levels), retinol-binding 
protein (to about 1/2 to 1/4) and albumin (to 2/3). Except for thiostatin, the changes in 
acute-phase protein levels are similar in male and female rats.' 

Keywords: Rat serum I Two-dimensional polyacrylamide gel electrophoresis / Inflammation / Sex 
/ Acute-phase reactants 

1 Introduction 

Our groups have recently detailed the 2-DE map of rat se- 
rum by identifying the major protein components through 
a combination of immunoblotting and HPLC-MS/MS- 
based protein identification [ l ] .  In a further step, the pro- 
teins typical of the acute-phase response to experimental 
inflammation have been identified [2]. Altogether, the 
above include 28 proteins, corresponding to about 80 in- 
dividual spots. A compilation of all our rat data can be ac- 
cessed [3, 41. We wish to extend this database through 
the addition of further spot identifications and, further- 
more, of annotations on physiological and pathological 
properties for individual components. One condition of 
special interest to our current research is experimental in- 
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Farmacologiche, Facolte di Farmacia. Universite degli Studi di 
Milano, via Balzaretti 9, 1-20133 Milano, Italy 
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Fax: +39-02-29404961 

Abbreviations: apo, apolipoprotein; CRP, C-reactive protein; 
Gc, Gc-globulin; Hp, haptoglobin; Hpx, hemopexin; ai-13, a,-in- 
hibitor 111; a 4 ,  a,-macroglobulin; a'-MAP, thiostatin (1 and 2); 
aZ-M, a2-macrogiobulin; NC, nitrocellulose; OD, optical density; 
PAA, polyacrylamide; REP. retinol binding protein; Ti, transferrin 
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flammation. We examine whether evaluation of serum 
levels of the acute-phase reactants may become a useful 
tool for the screening of anti-inflammatory drugs [5]. De- 
tailed quantitative parameters characterizing the acute- 
phase response are a preliminary step towards this goal. 
Additional aspects of this investigation are sex-related dif- 
ferences in serum protein expression after inflammation 
as well as under control conditions; a typical animal model 
for chronic inflammation is adjuvant arthritis in female 
Lewis rats. Preliminary data [2] imply that the baseline 
concentrations of some of the acute-phase markers, e.g., 
kallikrein-binding protein and thiostatin, differ significantly 
between male and female rats. For humans, in the compi- 
lation by Putnam [6], different normal concentration rang- 
es are reported for men and women for a,-macroglobulin, 
IgM, and plipoprotein. 

' Procedures involving animals and their care were conducted at 
lstituto di Scienze Farmacologiche. Universite di Milano, in 
conformity with the institutional guidelines that comply with na- 
tional (D.L. No. 116. G.U. Suppl. 40, February 18, 1992 and 
Circolare No. 8, G.U. July 1994) and international laws and pol- 
icies (EEC Council Directive 86/609, OJ L 358.1. December 
12, 1987, and Guide for the Care and Use of Laboratory Ani- 
mals, US National Research Council, 1996). 
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2 Materials and methods 

2.1 Samples 

Three female and three male Sprague Dawley rats, 10 
weeks old, 230-2510 g, on a standard chow diet, were 
probed both before (control) and 48 h after intramuscular 
injection of 5 mL turpentinelkg body weight (as a stimulus 
inducing inflammation) [7]. Blood was drawn from the 
caudal vein under diethylether anesthesia at the begin- 
ning of the test period; the animals were killed by decapi- 
tation at the end of the treatment. Aliquots of the sera 
were stored at -20’. 

2.2 Electrophoresis 

Most analytical procedures were identical to those al- 
ready detailed in the previous papers of this series [ l  , 21. 
2-DE maps were obtained by IPG-DALT [8] on 5 pL ali- 
quots of sera. Under standard conditions, whole serum 
proteins were resolved on a nonlinear pH 4-10 IPG [9] 
and SDS-PAGE was then run on 7.5-17.5%T polyacryl- 
amide (PAA) gradients; the slab size was 16 X 14 cm. 
Protein patterns were stained with 0.3% w/v Coomassie; 
a-mannose-containing glycoproteins were revealed by 
concanavalin A/peroxidase interaction [lo, 111 after blot- 
ting onto a nitrocellulose (NC) membrane. In addition to 
the standard 2-DE protocol given above, enhanced reso- 
lution of individual areas or for a given class of proteins 
was achieved by variation of pH gradient or acrylamide 
concentration of the gels. Orosomucoid from 7.5 pL se- 
rum was focused on a pH 2.5-5 IPG [12] prior to SDS- 
PAGE as above. For glycoprotein detection (required for 
theresolution of even the basic isoforms of hemopexin), 
2 pL of serum were run under standard conditions, then 
blotted on an NC membrane and affinity-stained with 
Concanavalin A-peroxidase [lo]. For proteins in the 
crowded area around a2-HS glycoprotein, 2-DE was also 
performed on a pH 4-6 IPG (the acidic 60% of the wide 
range above) followed by SDS-PAGE on 4.5-9%T PAA 
gradient gels. With high Mr proteins, showing minimal 
overlap in size, 1-DE gave satisfactory results even on 
6 x 8 cm slabs. The best resolution was achieved by 
SDS-PAGE on a 4-6%T PAA gradient, with sample loads 
of 0.1 pL per lane for Coomassie stain and of 0.002 pL 
per lane for glycoprotein detection. Ceruloplasmin was 
immunostained with an antiserum raised in goats against 
the human protein (Sigma, St. Louis, MO, USA). 

2.3 Protein quantitation 

The 2-DE gels and the blots were scanned with a video 
camera (Sony, Japan) under the control of NIH Image, re- 
lease 1.52. and analyzed with the software PDQUEST 

Version 5.1 (PDI, Huntington Station, NY, USA) run on a 
Sun SPARCstation 4 (Sun Microsystems, Mountain View, 
CA, USA). A matchset was created from the patterns of 
the four pools of rat sera (control males, inflamed males, 
control females and inflamed females) in a given run. A 
standard gel (master) was generated out of the image 
with the highest spot number by including additional spots 
from the other three gels [13]. As all gels within one series 
were processed “in one batch”, results were evaluated in 
terms of spot volumes without further correctionhormali- 
zation. The reports for individual proteins (spots, or spot 
chains, already identified by immunological or physico- 
chemical means [ l ,  21) (or single, unidentified spots) are 
referred to by percentage values of the highest figure 
among the four samples. Albumin was determined by the 
immediate bromocresol green assay [14, 151. 

2.4 Protein identification by peptide mapping 

Some proteins influenced in their expression by inflam- 
mation and not already included in our database [3, 41 
were identified by HPLC-MS/MS. After blotting and stain- 
ing with Amido Black, material from individual spots was 
digested with trypsin according to [16]. The resulting pep- 
tides were resolved by chromatography on microbore 
HPLC system (Ultrafast Microprotein Analyzer; Michrom 
Bioresources, Auburn, CA, USA) equipped with a 100 A, 
5 p~ Reliasil C18 BDX column (0.5 x 150 mm; Michrom). 
Peptides were eluted using buffer A (So/, v/v acetonitrile, 
0.1 % acetic acid, 0.005% v/v heptafluorobutyric acid) and 
buffer B (80% v/v acetonitrile, 0.1% acetic acid, 0.005% 
v/v heptafluorobutyric acid), at a flow rate of 15 pUmin. 
The gradient used was 0% B for 2 min, followed by a lin- 
ear increase to 60% B over 48 min. Tandem mass spec- 
trometry was performed on-line in a triple quadrupole 
mass spectrometer (TSQ 7000; Finnigan, San Jose, CA, 
USA) connected to the HPLC via a microspray interface 
[17]. Spectra were scanned over a range of 380-1500 
mass units at 1.5 s intervals. Automatic peak recognition 
and daughter ion scanning were performed using the 
built-in instrument control language (ICL) [la]. Tandem 
mass spectra were analyzed using SEQUEST, which al- 
lows the correlation of experimental data with theoretical 
spectra generated from known protein sequences [19, 
201. Briefly, SEQUEST matches a precursor ion of a given 
mass with any peptide present within the protein sequen- 
ces of a given database, within a specified mass accura- 
cy. An initial ranking is obtained by considering the pres- 
ence and intensity of the peptide fragment ions in the 
experimental spectrum. A theoretical collision-induced 
dissociation (CID) spectrum of the five hundred best- 
ranked peptides is then generated and correlated with the 
experimental CID spectrum to find the best match. All 

through HPLC-MS/MS 
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spectra were searched against the OWL protein data- 
base, release V30.1 [21, 221. The criteria used for positive 
peptide identification were a correlation factor greater 
than 2.0, a delta cross-correlation factor greater than 0.1 
(indicating a significant difference between the best 
match reported and the next best match), and a high pre- 
liminary score [17]. The search data were summarized 
using the sequest-summary program [19, 201, which as- 
signs a dimensionless numerical value to search results 
based on a sliding scale where 10 units are given for a 
peptide ranked as the best match, 8 units for a second- 
best match, 6 for a third-best match, 4 for a fourth-best 
match and 2 for a fifth-best match. The scores assigned 
to peptides from a common protein are summed, to give a 
sequest-summary score for each potential protein match. 
The criterium we used for a positive protein identification 
was a sequest-summary score of greater than 20, indi- 
cating at least two peptides from a potential matching pro- 
tein had been positively identified [17]. 

2.5 Lipoprotein purification and analysis 

Total lipoproteins were collected by flotation on a KBr sol- 
ution ( d =  1.21 g/mL) and delipidated by treatment with di- 
ethylether:ethanol3:1 v:v [23]. Equal amounts of the puri- 
fied apoproteins (10 pg) were run in SDS-PAGE on a 4- 

20%T PAA gradient in order to resolve components of 
such different size as apoB and apoC at the same time. 

3 Results 

3.1 HPLC-MWMS protein identifications 
Three proteins not included in our previous database 
were identified by HPLC-MSIMS as being among the 
spots whose expression was modulated upon inflamma- 
tion. Their positions in the 2-DE map are indicated (by 
ovals) in Fig. 1. The identifications of these three (Table 
1) were al-inhibitor 111 [24-261, C-reactive protein (CRP) 
[27, 281 and clusterin [29, 301. al-lnhibitor 111 was ana- 
lyzed on a blot from 2-DE as well as on the SDS-PAGE of 
a control serum; clusterin was identified next to orosomu- 
coid on a map from a 2.5-5 IPG. The component identi- 
fied as CRP is located in the immunoglobulin light chain 
region (results from immunoblotting [l]) which extends to 
acidic pls. One spot close to CRP had been previously 
identified as belonging to the immunoglobulin K isotype 
(spot 50 of Fig. 2 in [ l ])  by HPLC-MSIMS in the serum of 
normal male rats. No peptides of this protein were found 
in the present analysis when investigating samples from 
normal and inflamed animals. Since immunoglobulin pop- 
ulations are known to be heterogeneous and variable, de- 
pending on the individuals (outbred mice share only 30% 

Figure 1. 2-DE map of serum 
proteins from female rats 48 h 
after the intramuscular injection 
of turpentine; Coomassie stain 
on a 5 pL sample. The inset is 
from a 2-DE gel whose first di- 
mension was run on a 2.5-5 
IPG, with a serum load of 7.5 
pL. Histograms of the abun- 
dance of the various proteins, 
as marked on the top of each 
panel, in the sera of (from left to 
right) control males, inflamed 
males, control females, inflamed 
females. All data are referred to 
as % value to the highest figure 
among the four samples. Arrows 
point to the prolongation of bro- 
ken lines (for al-AT, az-HS and 
Gc). al-AG, al-acid glycopro- 
tein; al-AT, a,-antitrypsin; al-I3, 
al-inhibitor 111; al-M, al-macro- 
globulin; al-MAP, thiostatin (1 
and 2); a2-HS, az-HS-glycopro- 
tein; a2-M, a,-macroglobulin; 

apo, apolipoprotein; Cp, ceruloplasmin; CRP, C-reactive protein; Gc, Gc-globulin; Hp, haptoglobin; Hpx, hemopexin; KBP, 
kallikrein-binding protein; RBP, retinol-binding protein; SP13, serine protease inhibitor-3; Tf, transferrin; lTR ,  transthyretin. 
The spots outlined by ovals correspond to proteins newly identified by HPLC-MSIMS; the asterisk marks a further spot 
identified as ceruloplasmin. 
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Table 1. Proteins identified by HPLC-MS/MS 

Protein (abbreviation) ID OWL [21] 

al-lnhibitor 111 (al+) A113-RAT 

a2-Macroglobulin (a2-M) A2MG-RAT 

Ceruloplasmin (Cp) CERU-RAT 
CP* CERU-RAT 
C-reactive protein (CRP) CRP-RAT 
Clusterin CLUS-RAT 
Inter-a-inhibitor H4 RNITIH4 

a) See Section 2.4 for further details 

Sequest-scoresa) 

Total of 368 

144 

130 
128 
118,144,146,78 
48,68 
52 

Notes 

32 peptide best matches 
+ 3 peptides of s 15904 
(a variant of A1 I3-RAT) 
Confirmation of data from 
immunoblotting [ I ]  
Overlap with RNITIH4 

4 different analyses 
2 different analyses 

C l o s e - u p s  
control serum after inflammation 

of their lg light chain spots, and inbred mice 70-80% 
[31]), it appears that this isotype was not present at signif- 
icant levels in the animals used in these studies. HPLC- 
MUMS was also used to identify some of the high Mr 
spots (Fig. 1). Ceruloplasmin [32, 331 was found to over- 
lap with an inter-a-inhibitor H4 [34, 351. Ceruloplasmin 
was also detected at the position marked with an asterisk. 
One further protein, previousy detected only by immuno- 
blotting, was confirmed by HPLC-MS/MS to be a2-macro- 
globulin. 

3.2 Protein evaluation 
2-DE evaluation of the rat sera for spot quantitation was 
only performed on gel series which had been processed 
in the same batch (in all steps, i.e., from IPG to destaining 
after 2-DE and scanning) to keep variation levels as low 
as possible. A constant volume of serum was loaded onto 
the gel, although samples from inflamed animals are 
known to vary slightly in protein concentration and distri- 
bution [7]. All quantitations were based on (absolute) spot 
volumes; it was a priori not clear which protein was unaf- 

Figure 2. (A, B) Close-up of the 
2-DE region of pH 4.5-5.5 and 
M, 45-65 kDa for control female 
(on the left) and inflamed female 
animals (on the right). The sec- 
ond dimension was run on a 
4.5-9%T slab. (C, D) Details 
from 2-DE using standard IPG, 
but 10-15% gels in second di- 
mension, run for an extended 
period (migration distance for 
apoAl 12 cm instead of 6 cm) 
and silver-stained; patterns cor- 
respond to 0.2 pL serum. al-M 
light chain (upper row) and Hp 
P-chain (lower double row) are 
resolved. Control female animal 
on the left, inflamed female on 
the right. 

fected in its level and could serve as internal standard. As 
serum protein content varies upon inflammation [7], % 
based on total optical density (OD) in a given slab appear 
less reliable than constant serum volume. The reproduci- 
bility of the system was tested by running several gels of 
the same sample (male rat serum), in different batches. 
Gels were evaluated in the way described, and variation 
was determined for all proteins. Variation coefficients 
whithin one batch were 20% on average, smaller for com- 
pact, round and darker spots, e.g., transferrin (Tf) 7-9%, 
apolipoprotein (apo) AIV 7-1 1 'lo, haptoglobin (Hp) p/al-M 
9% and higher for the more diffuse, fainter, and oval- 
shaped ones, e.g., a,-inhibitor 111 (al&) within 36%. No 
correlation between M, of the protein and variation coeffi- 
cient was found. 

3.3 Protein concentration in control and 
inflamed rats 

The master gel pattern produced by PDQUEST software 
contains 151 different single spots resolved under stand- 
ard conditions (as in Fig. 1). For males the number of 
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quantitated spots is lower (113 for control animals, 124 
for inflamed) than for females (120 for control, 148 for in- 
flamed animals), with more saturated spots for females 
than for males (mainly albumin and Tf). Under baseline 
conditions, 29% of the single spots are expressed at lev- 
els at least 25% higher in females than in males, 10% at 
levels at least 25% higher in males than in females. Upon 
experimental treatment, an increase above control levels 
exceeding 25% is recorded for 25% of the protein spots in 
males and for 28% in females, a decrease exceeding 
25% for 32 and 34% of the spots, respectively. 

The largest number of protein spots is found in the serum 
of inflamed female rats; the 2-DE map of such a sample is 
shown in Fig. 1, with an inset from a 2-DE gel from a 2.5- 
5 IPG to fully resolve orosomucoid and clusterin. A close- 
up details the region with the most dramatic changes in 
protein patterns due to the treatment, i.e., the region of p l  
4.5-5.5 and molecular mass 45-65 kDa (Fig. 2, panels 
A-8). For identified proteins, single spot volumes of the 
respective chain were summed and plotted, while uniden- 
tified spots were treated individually. Figure 1 shows the 
identified proteins and single spots of high intensity (cut- 
off chosen arbitrarily). Histograms are linked to the pro- 
tein, or protein spot, to which each refers, and are marked 
with the protein abbreviation, or a spot number (according 
to PDQUEST listing). For one as yet unidentified protein, 
designated X, the sum of volumes for all spots in a row 
was computed. In each histogram, the series, from left to 
right, includes: control males, inflamed males, control fe- 
males, inflamed females. 

Thiostatin (al-MAP) is five times higher in females than in 
males, hemopexin (Hpx) almost 50% higher, CRP and 
apoE ca. 25% higher in females. Gc-globulin (Gc) and ret- 
inol-binding protein (RBP) are about twice as high in 
males, and a2-HS glycoprotein and a,-antitrypsin about 
25 and 30% higher in males than in females, respectively. 
Once expressed after inflammation, the concentration of 
a,-macroglobulin is about 40% higher, and that of oroso- 
mucoid about 30% higher in male rats. Among the noni- 
dentified proteins, protein X and spot 6403 are found only 
in females, being either strongly or slightly up-regulated in 
inflammation. Spot 4001 appears only in the course of 

treatment, and several others are reduced in concentra- 
tion (#5301,7101,8103,8301,8302). 

Variations in serum levels are brought about by the exper- 
imental treatment for virtually all proteins, although the or- 
der of magnitude of the changes differs widely. Among 
the major identified proteins only transferrin does not 
seem to change its absolute concentration (also see [5]). 
Inflammation increases the expression of the positive 
acute-phase reactants hemopexin, ceruloplasmin and al- 
antitrypsin (all approximately 2-fold), C-reactive protein 
(3- to 5-fold), serine protease inhibitor-3 (4- to 5-fold). thi- 
ostatin (> 5-fold in females, > 20-fold in males), clusterin, 
orosomucoid, haptoglobin chains, and a2-macroglobulin. 
The baseline level of the last four markers is below the 
detection limit, hence no percent increase may be com- 
puted. Upon inflammation orosomucoid represents ca. 2- 
3%, haptoglobin a-chain 3-4%, haptoglobin p (together 
with a,-rnacroglobulin (al-M) 13-14% and a,-macroglob- 
ulin 5% of total serum proteins. Among the nonidentified 
components, spot #4001 is only detected after inflamma- 
tion. Conversely, negative acute-phase reactants are re- 
duced on inflammation: for example, al-inhibitor 111, a2- 
HS glycoprotein, kallikrein-binding protein and transthyre- 
tin (all of them being reduced to 1/2 or 113 of their baseline 
levels), retinol binding protein (to 1/2 or 1/4), transthyretin 
(to 1/2 to 1/3) as well as a number of relatively faint, un- 
identified protein spots (not included in the histograms of 
Fig. 1). Albumin is reduced to about 2/3 of its concentra- 
tion by inflammation; the same is observed for some 
spots previously identified as albumin fragments [ l ] .  

Percent distribution of different apo's in the lipoproteins from 

As for apolipoproteins, the amount of apoE is increased, 
while that of apoAl is decreased by inflammation (Fig. 1). 
If the percent concentrations of the various apoproteins in 
a purified lipoprotein preparation are computed (Fig. 3), 
the reduction for apoAl equals So%, while the level of 
apoB doubles. As discussed (see [5]), the distribution 
among p l  isoforms is not influenced by the experimental 
treatment (not shown). 

Concordance is usually observed between the sexes as 
for the extent of the changes following inflammation. A 
strong difference is only found for thiostatin, for which the 
increase in males is four times higher than in females. 

Figure 3. Percent distribution 
of the various apoproteins in 
the lipoproteins of (from left to 
right) control males, inflamed 
males, control females, in- 
flamed females. 
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Protein stain 1 versus glycoprotein stain 0 

a1-4 CRP Hp PIa,-M Tf 

CM IM CF 
dU IF CM IM 1 .  

CF IF CM IM dF 

4 Discussion 

4.1 Assessment of the quantitation procedures 
As detailed under Section 2.3, as a second step after 
2-DE under standard conditions, the quantitations for 
many proteins were repeated under electrophoretic condi- 
tions maximizing resolution in specific areas. A counter- 
check of values revealed consistency of the trends ob- 
served throughout all the methods, although absolute 
spot volumes differed. The spots of the two proteins with 
the highest concentration in serum, albumin and Tf, were 
usually saturated in 2-DE with standard sample loads. 
Transferrin could be evaluated after 1-D SDS-PAGE on a 
44%T gel. Albumin was determined by a photometric as- 
say based on the reaction with bromocresol green [36]. 
Two proteins could not be fully resolved from neighbors 
with overlapping molecular properties. In the Hpx/albumin 
pair, lectin affinity staining was able to clearly differentiate 
the glycoprotein from the nonglycoprotein component and 
was used for quantitation (histogram in Fig. 1). The spots 
of a,-macroglobulin light chain and haptoglobin 0-chain 
overlap almost completely in the standard 2-DE system; 
both proteins are glycosylated and no cross-reactive anti- 
body is available [2]. Improved resolution in 2-DE was ob- 
tained by prolonging the second-dimension runs, lowering 
sample loading amounts, and using silver staining as a 
detection method [37, 381. In this way, a,-M (a single row) 
was found to remain constant, whereas the levels of Hp p 
(a double chain) rose 9-10 times (Fig. 2 C-D). 

4.2 Newly identified proteins 

In the course of our new experiments several spots were 
investigated in more detail, especially those showing var- 
iations in serum levels upon treatment. All of the proteins 
newly identified by HPLC-MS/MS showed considerable 
differences from the human homologs. CRP, a pentame- 
ric glycoprotein with identical subunits, displays a much 

(F CM IM C'F Ik 

Figure 4. Comparison between 
the quantitations from Coomas- 
sie-stained pattern (solid bars) 
and concanavalin-positive affini- 
ty blotting for the glycyl moiety 
(open bars) of some glycopro- 
teins. In each series the se- 
quence of the samples is, from 
left to right: control males (CM), 
inflamed males (IM), control 
females (CF), inflamed females 
(IF); for each type of staining, 
data are referred to as percent- 
age values relative to the high- 
est figure among the four sam- 
ples. 

more acidic p l  in rats than in humans. It is one of the early 
markers of inflammation in humans [39] and is reported to 
be little affected in rats (by a factor of 2 versus 1000 [40]). 
In contrast to the human counterpart, rat CRP is present 
in serum at higher baseline levels [41], it is a glycoprotein 
(see Fig. 4) [28], and its binding properties for phosphoryl- 
choline differ (it contains three instead of five binding sites 
[42]). Rat clusterin is also much more acidic than the hu- 
man homolog. In mice and humans, this protein, an ex- 
tensively glycosylated disulfide-linked heterodimer with 
subunits of similar M,, is known as apo J and is associat- 
ed with apoptosis and inflammation [29]. al-I3 is a rat- 
specific protein, belonging to the macroglobulin family 
and acting as a protease inhibitor [25]. Whereas the first 
two proteins described are increased upon inflammation, 
the level of drops. 

During the search for new inflammation markers, two high 
M, spots were identified as ceruloplasmin (Cp) by HPLC- 
MS/MS. The previously described immunostaining of cer- 
uloplasmin [ l ]  had been performed with a weakly cross- 
reacting antibody raised against the human protein. It pro- 
duced multiple spots or spot chains of different intensity, 
among them the position indicated in Fig. 2 of [ l ]  and the 
spot named Cp in Fig. 1 of this paper. When performing 
the immunoblot after 1-D SDS-PAGE, there was also a 
fainter double band with lower M,. As it could not be veri- 
fied whether the latter was identical to spot Cp' (Fig. l ) ,  
quantitation was only based on the main cross-reactive 
component. Human Cp is thought to be a single-chain 
polypeptide, but was found as a major type I with four 
sugar chains and a minor type II with three sugar chains 
[43], which could also correspond to the general Cp pat- 
tern given in SWISS-2DPAGE [42]. Rat Cp is reported to 
be more acidic than the human homolog [32] and contains 
an even larger number of potential glycosylation sites (6 
versus 4). However, these different properties cannot 
completely explain the spot pattern in our 2-DE runs. 
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Table 2. Changes reported for rat serum proteins upon 

Protein Type of change Reference 

cified) rat strain. The detection system was validated and 
found to have a variation of less than 10% for most pro- 
teins, but the concentration ranges reported for some of 
the analytes vary between 10 and 25% (e.g., Hp, Hpx, or- 

inflammation 

a, -AG 

a,-AT 

a 1 4  

a,-M 

al-MAP 

a2-HS 
a*-M 

Albumin 

ApoAl 
ApoAlV 
ApoE 
Clusterin 

CP 
CRP 

Gc 
HP 

HPX 
KBP 

RBP 
SPI-3 
Tf 

170 x in day 2 
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Schreiber eta/., 1982 [7] 
Schreiber ef a/., 1989 [45] 

osomucoid). Sprague-Dawley as an outbred strain may 
also be expected to display a certain degree of variation 
in serum protein levels. Most changes noticed in inflam- 
mation are much more marked than the error in our quan- 
titation (determined in the reproducibility testing) or the 
normally expected variation in the respective rat popula- 
tion. 

Several procedures have been reported in the literature to 
induce inflammation processes, most often injection of 
turpentine. However, the strength of the stimulus used 
varied among authors, as well as the time intervals after 
which the shifts in protein levels were recorded (usually 
one to three days), which results in differences in the 
magnitude of the changes described. For an overview on 
previous results, see Table 2. As for the major proteins, 
our present findings confirm current knowledge about 
positive and negative acute-phase reactants, although 
the extent of variation we report sometimes differs from 
literature data. As for CRP, we could only confirm a much 
lower rise than in humans [40] but still a clear-cut increase 
in its levels. Contrary to Schreiber eta/ .  [45] who report 
Gc and apoAl not to be affected by the acute-phase re- 
sponse, we observe an increase for the former and a de- 
crease for the latter. Rat Tf has been reported to change 
little in inflammation [7] and has therefore been suggested 
for reference as an internal standard. Tf data at the time 
point chosen for our present investigation would support 
this hypothesis; however, detailed studies in time course 
experiments provide evidence for a more complex behav- 
ior [5]. Some of the changes in protein levels brought 
about by acute experimental inflammation are reproduced 
by such different noxious stimuli as exposure to solvents 
in toxicological tests (dimethylformamide [46]). 

Slight to moderate differences were found in baseline lev- 
els for single proteins when comparing male and female 
rats. Sevenfold higher kallikrein-binding protein (KBP) 
and a,-antitrypsin (a,-AT) values have been reported for 
male rats [47]; a similar trend was noticed in our animals, 
but not exceeding a factor of 2 [2]. Gc and RBP level of 
our male and female controls also varied. The most 
marked difference was the almost complete absence of 
thiostatin @,-MAP) in the serum of healthy males, where- 
as it was clearly detectable in control females [2]. Except 
for the latter, the changes in acute-phase protein levels 
were similar in male and female rats. a2-Macroglobulin 
was higher in inflamed males, in agreement with earlier 
reports [48]. 

4.3 Changes in protein levels 

With ELISA, lkawa and Shozen [44] have determined nor- 
ma1 values of several acute phase proteins in an (unspe- 
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The major acute-phase protein (al-MAP) of rat serum 
has been given different synonymous designations, to 
stress one or another of its functions. It is also named 
T-kininogen 1 precursor, after the sequence of T-kinin it 
contains, and thiostatin, after its inhibitory effect on cys- 
teine proteases. Two genes exist for this protein, result- 
ing from a duplication event: MAP1 and MAP2 [49, 501. 
Two types of proteins are indeed found in plasma, dif- 
fering in their p l  by about 0.3 pH units, in agreement 
with computation based on amino acid composition (421. 
Their baseline levels are different: a,-MAP (2) is more 
abundant than al-MAP (1) in female rats, and is also 
the only form present (in very small amounts) in control 
males. The concentration of each peptide and, in detail, 
of each glycoform, appears to be raised to a similar 
extent by acute inflammation (not shown). Strict coregu- 
lation of al-MAP (1) and al-MAP (2) is not a rule, how- 
ever. Pharmacological treatments (51 as well as different 
phlogistic stimuli may bring about a differential modula- 
tion of the two peptides. 

The glycosylation pattern of serum proteins has been re- 
ported to change under various physiological and patho- 
logical conditions [51], including inflammation [52]. In hu- 
mans, detailed studies have been devoted, for instance. 
to Tf [53] and to orosomucoid [54]. In the present investi- 
gation no systematic comparison of the differences in gly- 
cosylation between control and inflamed pattern was per- 
formed since the concentrations were adjusted to the 
detection of few proteins of specific interest while the 
stainability of the various glycoproteins differs widely (as 
shown in [2]). Quantitations after protein blotting are fur- 
ther complicated by the limited binding capacity of the NC 
membrane as well as by the narrow dynamic range of the 
zymograming techniques. However, among the assayed 
serum components, for al-I3 and Tf the protein secreted 
during inflammation appears more glycosylated than un- 
der basal conditions (Fig. 4). 

4.4 Biological aspects 

It has been shown that the concentration of about 30% of 
the liver proteins differs between male and female Wistar 
rats, the reason for this gender-related distinction being 
the level of estrogen [55]. It is not surprising that a similar 
trend is likewise observed for the plasma proteins, also 
synthesized by the liver and then secreted to the circula- 
tory stream instead of being released within the parenchy- 
mal cells. With a cut-off at 25% difference in baseline lev- 
els, and with reference to individual spots, approximately 
40% of the serum components were found to be present 
at higher concentrations in females, while only 10% of the 
serum components were found to be higher in males. For 
almost all proteins the responses to the inflammatory 

stimulus were found to be similar in male and female rats. 
The effects of the mediators of inflammation and of the 
steroid hormones thus appear additive and not synergis- 
tic. The only major exception to this trend is thiostatin, for 
which, however, the baseline level for most of the iso- 
forms in males is almost below the detection limit so that 
computations of percent increase are highly inaccurate. 

The overall impression from the observations above is 
that serum proteins behave as a coordinate system. In 
fact, the concentration of virtually all serum components 
is affected by inflammation, which means - owing to our 
selection on data reduction - that their synthesis rate is 
modified. The total protein concentration in inflamed sera 
changes slightly [7]. A significant drop is observed for the 
most abundant among the serum proteins, albumin. It 
might be speculated that its levels could decrease during 
inflammation by a compensatory effect, so that down-reg- 
ulation would not occur at the genetic level, but rather as 
a result of competition for available resources, such as 
aminoacyl-tRNA or ATP. The opposite situation has been 
described in detail, namely the compensatory adjust- 
ments observed in the serum of analbuminemic rats (561; 
the concentration of globulins (al-AT, Tf, Cp, IgG, IgA 
and IgM but not orosomucoid) rises [57], with especially 
large effects on high M, components such as a*-M 
(whose concentration increases 12-fold) and a& (whose 
concentration doubles) [58]. Also, in humans, lack of albu- 
min is compensated for so as to obtain unchanging total 
protein concentration and oncotic pressure [59]. 
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Proteins of rat serum IV. Time-course of acute- 
phase protein expression and its modulation by 
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Changes in the concentration of major serum proteins were monitored from day 0 to 
day 4 in three experimental groups: rats injected with turpentine, rats receiving the tur- 
pentine shot and daily doses of indomethacine, and rats given indomethacine alone. In 
inflamed animals, peak changes for acute-phase reactants, evaluated by two-dimen- 
sional electrophoresis (2-DE), were usually observed between 48 and 72 h after the 
phlogistic stimulus. By itself, indomethacine was found to affect the synthesis of most 
proteins (except one of the thiostatin variants and ceruloplasmin); the changes in 
serum levels, whether positive or negative, were the same as upon inflammation 
(except for kallikrein-binding protein), but their extent and/or timing usually differed. 
When inflamed animals were given indomethacine, a clear-cut difference in the con- 
centration of some proteins was observed versus inflamed rats not given medication, 
at 24 h after the start of the treatments. Proteins mainly affected were a,-macroglobu- 
lin, a*-HS-glycoprotein, C-reactive protein and kalli krein-binding protein.’ 

Keywords: Rat serum / Two-dimensional polyacrylamide gel electrophoresis / Inflammation / 
Anti-inflammatory drug / lndomethacine EL 3365 

1 Introduction 

Human pathology recognizes both acute and chronic in- 
flammatory diseases [l]. The former, often of bacterial or 
viral origin (carditis, appendicitis, meningitis, mucositis, 
hepatitis), may be life-threatening, with massive and se- 
vere symptoms (including high fever) and a short-term 
evolution. They entail accumulation of fluid and plasma 
components in the affected tissue, intravascular stimula- 
tion of platelets, and the migration of polymorphonuclear 
leukocytes. The etiology of the chronic inflammations is 
usually unknown, so no causal but only symptomatic ther- 
apy may be envisaged. Their onset is gradual; the main 
symptom, delayed in time, is pain, with occasional fever; 
the involved cell populations are lymphocytes, plasma 
cells, and macrophages. Examples of chronic inflamma- 
tions are arthritis, psoriasis, and lupus erithematosus. 

Both in vivo and in vitro models of inflammation are in cur- 
rent use. The former rely on the development of acute 
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Abbrevlatlons: APR, acute-phase reactant; CRP, C-reactive 
protein; a& a,-inhibitor 111; KBP, kallikrein-binding protein; 
LDL, low density lipoprotein: a2-M, a2-macroglobulin; NSAID, 
nonsteroidal anti-inflammatory drug; PAA, polyacrylamide: SP13, 
serine protease inhibitor-3; Tf, transferrin; al-MAP, thiostatin 

edema after intramuscular injection of carrageenin or sub- 
cutaneous insertion of cotton pellets (both causing an 
aseptic granuloma) [2-51; swelling of the tissues as as- 
sessed by pletismometry is the reference parameter in 
these experimental systems. In the latter, both mediators 
of inflammation (eicosanoids, kinins, cytokines) and the 
enzymes involved in their synthesis are quantitated after 
suitable stimulation of cells in culture [6-9]. To reliably 
evaluate a systemic response such as inflammation and 
the interference by drugs on its progression, only the in 
vivo approach seems completely appropriate. Experimen- 
tal protocols that could reduce cost and labor while not 
reducing the sensitivity of the assay would represent a 
major advancement. The present investigation is indeed 
meant as a first step towards the assessment of whether 
the analysis of the 2-DE pattern of serum proteins may be 
a novel approach for the screening of anti-inflammatory 
drugs, possibly recognizing both their therapeutic value 
and/or their toxicity. 

Quantitative evaluation of 2-DE maps of biological sam- 
ples was introduced as a powerful tool for the assessment 
of physiological and pathological states [lo], and has 
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Guide for the Care and Use of Laboratory Animals, US National 
Research Council, 1996). 
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been applied extensively to pharmacological and toxico- 
logical investigations [ll-211. One of the main bonuses 
of such a technique is that tens to hundreds of individual 
components may be evaluated at once, and that no previ- 
ous selection of the analytical target is required. In all the 
cases referred to above, the analysis was performed on 
liver homogenates. Serum would in principle be a most 
expedient substitute for autoptic specimens. In fact, re- 
peated sampling from the same animals could allow, with- 
out major trauma, a direct comparison of baseline and 
post-treatment levels of the test proteins, thus reducing 
the deviance caused by intraspecific individual variability. 

Some toxicological investigations using rat serum have 
been performed using 2-DE (22, 23). In a few cases, 
markers of inflammation in rat serum have been ad- 
dressed with (simpler) methodological approaches. Elec- 
trophoresis on cellulose acetate was used for the differen- 
tiation of various experimentally induced pathological 
processes, including adjuvant arthritis as a model of 
chronic inflammation [24]. Qualitative and quantitative 
changes of Con A-reactive proteins and a2-macroglobulin 
were examined by lectin- and immunoblots and by radio- 
immunoassay, after chronic inflammation by injection of 
Freunds complete adjuvant; a test drug, bindarit (2-[(l- 
benzyl-indazol-3-yl)methoxy]-2-methyl propionic acid), 
was given to the animals in comparison with indometha- 
cine [25]. 

Our detailed knowledge of the major proteins of rat serum 
both in control conditions [26] and upon experimental in- 
flammation [27, 281 should allow adequate monitoring of 
changes in their levels, reflecting both therapeutic and 
toxic effects of test drugs. In this first phase of the investi- 
gation the same stimulus was used that had already been 
assayed, an intramuscular injection of turpentine. The 
progression of the acute-phase response was assessed 
with time, and the effects of a typical anti-inflammatory 
drug, indomethacine, when given either together with the 
inflammatory shot or by itself, was monitored. 

2 Materials and methods 

2.1 Samples 
Male Sprague-Dawley rats, 250 g in weight, were used in 
all tests. Three experimental groups, N = 4, were de- 
signed as follows: 1, inflammation; 2, inflammation plus 
treatment with an anti-inflammatory drug; and 3, adminis- 
tration of the anti-inflammatory drug alone. Acute inflam- 
mation was induced by intramuscular injection of 0.5 mL 
turpentine / kg body weight. Indomethacine, selected as 
model anti-inflammatory drug, was given by gavage, 
twice a day (10 a.m. and 5 p.m.), at dosages of 3.5 mg/ 

kg; in group 2,  the rats received their first medication at 
the same time as the turpentine shot. Blood was drawn 
from the caudal vein under diethyl ether anesthesia, be- 
fore the treatments and then every 24 h, for 4 days. 

2.2 Protein electrophoresis and pattern 

The main analytical procedures for sera were identical to 
those reported in the previous papers of this series [26- 
281. 2-DE maps were obtained by IPG-DALT [29] on 5 pL 
aliquots of the samples. lsoelectric focusing was per- 
formed on a nonlinear pH 4-10 IPG [30], and SDS-PAGE 
was then run on 7.5-17.5%T polyacrylamide (PAA) gradi- 
ents. Protein patterns were stained with 0.3% w/v Coo- 
massie. Orosomucoid pattern was analyzed by running 
7.5 pL serum per sample on a 2.5-5 IPG [31], and stain- 
ing with Coomassie according to [32]. The gels were 
scanned with a video camera (Sony, Japan) under the 
control of NIH Image, release 1.52, and analyzed with the 
software PDQUEST Version 5.1 (PDI, Huntington Station, 
NY, USA) run on a Sun SPARCstation 4 (Sun Microsys- 
tems, Mountain View, CA). All results were evaluated and 
reported in terms of (absolute) spot volumes. Albumin 
concentration was evaluated by the immediate bromocre- 
sol green assay [33,34]. 

quantitation 

2.3 Lipoprotein analysis 

Ten microliter aliquots of the sera were run in zonal elec- 
trophoresis on 0.8% w/v agarose gels, with a pH 8.6 buf- 
fer [35]. The lipoprotein pattern was stained with Sudan 
Black [36]. Total lipoproteins were purified from sera of 
control and inflamed animals (2 days after turpentine 
shot) by flotation on a KBr solution, d = 1.21 g/mL, and 
delipidated by treatment with diethy1ether:ethanol 3.1 v/v 
[37]. Equal amounts of the purified apoproteins (50 pg) 
were run in 2-DE as above. 

3 Results 

Preliminary experiments helped select working condi- 
tions. They included the following parameters: (i) de- 
creasing intensity of the stimulus, from 5 to 0.5 mL turpen- 
tine per kg body weight, and (ii) varying doses of the 
reference drug, from 1.4 to 7 mg indomethacine per kg 
body weight, given in the drinking water starting 24 h after 
the turpentine shot. A correlation was observed between 
the serum concentration of some protein bands (as re- 
solved by SDS-PAGE) with either turpentine stimulus (al- 
inhibitor 111 (al-I3) and, to a lower extent, a2-macroglobulin 
(a2-M)) or indomethacine intake (transferrrin (Tf) and al- 
bumin), demonstrating that over the specified range the 
response of the test system could be modulated by the 
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experimental parameters. Comparisons at days 1 and 3 
of drug treatment showed an overall similar peaking of 
time-dependent changes with all protocols. The lowest in- 
tensity of the stimulus, corresponding to the smallest vol- 
ume of turpentine that could be reproducibly injected with 
a 1 mL syringe, and the average dose of indomethacine, 
3.5 mg/kg, typical for therapeutic use in humans, were 
then selected. Since our aim was to evaluate a possible 
application of the present protocol into routine screening, 
the duration of the test was limited to five working days. 
Ether anesthesia, given to the animals to reduce distress 
from the treatments, was checked so as not to alter the 
pattern of serum proteins: band densities as evaluated af- 
ter SDS-PAGE varied < 10% among the samples from 
following days. 

Figure 1 shows the changes in serum along the progres- 
sion of inflammation, from day 0 (top) to day 4 (bottom). 
The panels are cropped from 2-DE with SDS-PAGE run 
on 4.5-9%T PAA gradients, to encompass M, ranging be- 
tween ca. 30000 and 70000. Figure 2 compares the 
whole protein patterns from treated animals on day 1 
(groups 1-3, from top to bottom). Figure 3 displays con- 
centration versus time of (some of) the most abundant se- 
rum proteins. The top row plots data for the time-course 
of inflammation, i.e., the reaction to the intramuscular in- 
jection of turpentine; the middle row, the response to the 
concurrent administration of indomethacine; the bottom 
row, the effects of indomethacine alone. The sequence of 
the panels is according to alphabetical order of the abbre- 
viations for the protein names. For thiostatin (al-MAP) 
two curves are plotted, one for each of the spot rows in 
the 2-DE pattern (al-MAP (1) and al-MAP (2)). In the in- 
flamed animals, the timing of the peak effect on serum 
concentration varies from one protein to another. It is ob- 
served after 24 h for kallikrein-binding protein (KBP) and 
transferrin; between 36 and 48 h for a,-inhibitor 111, serine 
protease inhibitor 3 (SPB), haptoglobin chains, orosomu- 
coid, a2-macroglobulin, a2-HS-glycoprotein and al-anti- 
trypsin; and between 60 and 72 h for C-reactive protein 
(CRP), albumin, hemopexin and thiostatin. 

lndomethacine by itself is able to influence the synthesis 
rate of most of the proteins, with minor effects only on thi- 
ostatin (al-MAP (2)) and ceruloplasmin. In some instan- 
ces the effects of indomethacine on protein concentration 
have the same direction (increase or decrease) as the in- 
flammatoty stimulus, but the extent is lower and the peak 
is delayed. This, for instance, is the case with CRP, hap- 
toglobulin and transferrin. For a,-HS-glycoprotein, a*- 
macroglobulin. and orosomucoid, the effect neither pla- 
teaus, nor reverts to baseline at the end of the experimen- 
tal period, hence an even larger peak effect of indometha- 
cine versus turpentine may be expected over an 

Figure 1. 2-DE maps of serum proteins from animals of 
experimental group 1, corresponding to acute inflamma- 
tion after intramuscular injection of 0.5 mL turpentine / kg 
body weight, from day 0 (top panel) to day 4 (bottom pan- 
el). Second dimension run on 4.5-9%T PAA gradients. 
Coomassie stain on 5 pL samples. For all panels only the 
region between ca. 30 and 70 kDa is shown. 

extended observation period. With KBP, the overall 
changes with time are symmetrical with either turpentine 
alone or indomethacine alone, with a negative and a posi- 
tive peak, respectively, 24 h from'the onset of treatment. 
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Figure 2. 2-DE map of serum proteins from animals of 
the three experimental groups, on day 1 of treatment: 
group 1 ,  inflammation after intramuscular injection of 
0.5 mL turpentine / kg body weight, in top panel; group 2, 
inflammation treated with indomethacine, in middle panel; 
treatment with indomethacine alone, in bottom panel. 
Second dimension run on 7.5-17.5%T PAA gradients. 
Coomassie stain on 5 pL samples. 

In the inflamed animals receiving indomethacine, the ob- 
served changes in protein concentration are not always 
equivalent to the algebraic sum of the individual treat- 
ments. This is indeed the case with a2-macroglobulin, 
orosomucoid, and thiostatin: the early peak, associated 
with inflammation overlaid to the delayed rise caused by 
indomethacine, results in a slow but sustained increase of 
the protein concentrations. This is also found for hapto- 
globin chains and SP13: peaks with different onset and, 
for the former, of different height, give rise to broader pla- 
teauing when both treatments are given together. As an 
extreme case, opposite trends for the shifts in KBP con- 
centration brought about by turpentine or indomethacine 

alone result in a sigmoidal pattern, the timing of whose 
bends is intermediate between the peaks (positive and 
negative) for the individual treatments. At 24 h a differ- 
ence in concentration of 2 50% between inflammation 
and inflammation plus drug is observed for a2-macroglo- 
bulin, a,-HS-glycoprotein, CRP and KBP (also refer to 
Fig. 2). 

A peculiar pattern is displayed by the lipoproteins of the 
test animals: as shown by Fig. 4, the mobility of the vari- 
ous classes changes with time and with treatment. In the 
inflamed animals, decreased migration is observed on 
day 1 ,  reverting to control mobility on day 3. With inflam- 
mation plus drug treatment, the difference in migration is 
reduced but not abolished, even on day 4. With indome- 
thacine alone, the effects on protein migration become 
apparent from day 3 on. Analysis of the apolipoprotein 
(apo) moieties from total lipoporoteins purified from sera 
of inflamed animals in comparison with control rats does 
not show any change in the relative abundance of the var- 
ious charge isoforms for the different apoproteins (not 
shown). 

4 Discussion 

4.1 Comparison with literature data 

The time-course of the expression of acute-phase reac- 
tants (APR) in the rat was reviewed by Schreiber et a/. 
[38], detailing both the transcription of mRNAs and the 
translation into serum proteins. A relevant difference in 
our experimental setup is the choice of a stimulus (volume 
of injected turpentine per kg body weight) reduced to one 
tenth of the standard value. A further difference is the par- 
allel evaluation of the changes brought about by a refer- 
ence anti-inflammatory drug such as indomethacine. This 
permits discussing the serum pattern of the inflamed rats 
given the drug with relation to both the phlogistic stimulus 
and the antiphlogistic treatment. Moreover, with 2-DE it is 
possible to monitor, at the same time, a large number of 
spots, among which we selected data for 16 gene prod- 
ucts versus the seven proteins discussed by Schreiber et 
a/. [38]. With either standard (5 mL turpentine/kg [38]) or 
reduced stimulus (0.5 mUkg in this report) the peak 
effects are obtained almost at the same time for most 
proteins. For example, the overall time-course for the 
concentration changes is similar for albumin and oroso- 
mucoid. Contrary to our findings, and to the results of 
Lonberg-Holm et a/. [39] on a2-M, Schreiber et a/. [38] 
report an earlier rise for a,-antitrypsin and a faster return 
to baseline for a2-M, while transferrin is found in in- 
creased concentration from day 3 on. 
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a,-AG a,-AT a,-MAP 

a,-M albumin CRP 

KBP SPI3 Tf 

days of treatment ( rn turpentine I turpentine + indomethacine . indomethacine ) 

Figure 3. Time-course of the 
changes in concentration for the 
major proteins in rat serum, 
after intramuscular injection of 
0.5 mL turpentine / kg body 
weight (top panel in each series 
m), after injection of turpentine 
plus the administration of daily 
doses of indomethacine (middle 
panel in each series A) or after 
treatment with indomethacine 
alone (bottom panel in each ser- 
ies 0).  al-AG, al-acid glycopro- 
tein; al-AT, al-antitrypsin; at+,, 
al-inhibitor 111; al-MAP, thiosta- 
tin (1, solid symbols; 2, open 
symbols); a2-HS, a2-HS-glyco- 
protein; az-M, az-macroglobulin; 
Cp, ceruloplasrnin; CRP, C-re- 

active protein; Hp, haptoglobin; Hpx, hemopexin; KBP, kallikrein-binding protein; SP13, serine protease inhibitor-3; Tf, 
transferrin. Results are plotted as spot volumes from the densitometric evaluation of Coomassie-stained 2-DE gels, except 
for albumin, whose concentration, mg/mL, was assayed through a dye-binding test in solution. 
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indomethacine turpentine + 
turpentine indomethacine 

CM 

VLDL 

LDL 

HDL 
+ 

0 1 2 3 4  0 1 2 3 4  0 1 2 3 4  
d a y s  of t r e a t m e n t  

Figure 4. Agarose electrophoresis and lipoprotein stain 
with Sudan Black of the sera from the time-course experi- 
ment above. From left to right: animals only receiving a 
turpentine shot, inflamed animals treated with indometha- 
cine, animals given indomethacine alone. CM, chylomi- 
crons; VLDL, very low density lipoprotein; LDL, low densi- 
ty lipoprotein; HDL, high density lipoprotein. 

When comparing the figures of day 2 in the present report 
with our own data after standard phlogistic stimulus at the 
single time point of 48 h [28], agreement is observed for 
almost all findings. Day 2 either corresponds to the peak 
effect brought about by inflammation on the APR concen- 
tration, or is at least within the span over which the typical 
shift, whether an up- or a down-regulation, is observed. 
This is not the case for transferrin, which shows no differ- 
ence from baseline on day 2 whereas its concentration 
decreases on day 1 and towards the end of the test peri- 
od. Hence, our observation of a nonchanging concentra- 
tion upon inflammation [28] is only confirmed for the 
specified time point of 48 h. A decrease in concentration 
on day 1 had also been reported by Schreiber eta/. [38]. 
The only major difference between our observations after 
either 5 or 0.5 mUkg of turpentine involves KBP. The 
higher dose results in a significant decrease of this pro- 
tein's concentration (still on day 2) whereas with the low 
dose the drop in concentration is limited to day 1. 

4.2 Effects of nonsteroidal anti-inflammatory 

It has been shown that some NSAIDs, while treating the 
inflammatory pathology, paradoxically raise the levels of 
circulating pro-inflammatory cytokines such as interleu- 
kin-6 [40]. Most NSAlDs inhibit, to a different extent, both 
isozymes of cyclooxigenase (COX-1 and -2) [41, 421, the 
inhibition of COX-1 likely being responsible for some of 
the side effects (431. lndomethacine reproduces some but 
certainly not all the effects of the inflammatory stimulus. 

drugs (NSAIDs) 

As examples of different behavior, one can contrast 
a,-antitrypsin and transferrin (whose concentrations 
change with almost identical pattern after either turpen- 
tine or indomethacine), with hemopexin and thiostatin 
(two APRs whose synthesis is unaffected by indometha- 
cine) and with KBP (on whose expression inflammation 
and NSAID treatment have opposite effects). Also the ex- 
tent of the up- or down-regulation associated with phlogo- 
sis and antiphlogosis and the timing of the maximal effect 
usually differ. Delay is observed in our experimental 
group 3 in comparison with group 1 for the decrease in 
concentration of a,-HS-glycoprotein and for the increase 
of a,-macroglobulin; delay and lower peak concentration 
is found for haptoglobin chains. The rise in cytokine levels 
obviously does not have a comparable effect on the pro- 
moters of all APRs [44]. An extreme case is thiostatin, for 
which two genes exist as a result of a duplication event 
[45, 461. While the expression of the more acidic peptide, 
a,-MAP (1) (labeled as 1 in Fig. 1 of [28]), is increased by 
indomethacine, the level of al-MAP (2) (labeled as 2) is 
unaffected by the drug treatment. Furthermore, on days 2 
and 3 splitting of the curve for al-MAP (1) is observed. 

In spite of the complexity of the response to NSAID treat- 
ment, some clear-cut differences between the serum pat- 
tern of group 2 versus group 1 rats may be observed. For 
a,-macroglobulin and CRP the increase, and for a2-HS- 
glycoprotein the decrease, in concentration is at least 
50% lower in the former than in the latter; for KBP again a 
difference in concentration of 2 50% between the two ex- 
perimental groups results from changes in opposite direc- 
tions in comparison with baseline levels. All of the above 
are observed 24 h after the start of treatment; as a result 
of the specific time-courses for the expression of the vari- 
ous proteins, day 1 is indeed the most appropriate time to 
evaluate the effects of indomethacine treatment of APRs 
(Fig. 2). The finding of maximum discrimination at such 
an early time would make the detailed protocol very con- 
venient if it could be applied to a screening program. 

4.3 Diagnostic relevance of APR levels 

For the diagnosis of inflammatory diseases in which pain 
is the dominant symptom, as well as for the follow-up of 
their therapy, easily quantified clinical parameters are 
needed. In the clinic, the markers in general use are CRP 
and orosomucoid serum levels and erythrocyte sedimen- 
tation rate (ESR), but no consensus exists as for their ab- 
solute and relative importance [47]. In agreement with 
Tishler et a/. [48], who suggest that in patients treated 
with NSAlDs no relationship holds between CRP and 
ESR, the increase of CRP and orosomucoid levels in our 
control rats after indomethacine suggests caution when 
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evaluating clinical markers of rheumatic disease during 
the administration of NSAIDs. 

4.4 Lipoproteins in inflammation 

In the three experimental groups in this investigation, all 
classes of lipoproteins display a most unusual change in 
mobility, with a decrease in anodic migration, that is 
modulated by time and by treatment. The microheteroge- 
neity of the purified apolipoproteins was found to be sirn- 
ilar for samples from control and from inflamed animal 
sera (on day 2 from turpentine shot; not shown). Even 
with high sample loads, only apolipoproteins could be de- 
tected, in contrast to the hypothesis of the possible bind- 
ing of further serum components, as had been reported 
for CRP in rabbits [49]. Furthermore, the in vitro binding 
of CRP to rat low density lipoprotein (LDL) results in an in- 
creased, instead of decreased, electrophoretic mobility 
[50]. It thus seems likely that the changes in lipoprotein 
mobility result from alterations in the composition of the 
lipid portion, as phosphocholine-containing phospholipids, 
which bear a positive charge, significantly increase after 
inflammation [49]. 

4.5 Variance 

Comparison of data from time-courses are best achieved 
when the same animals can be used throughout the entire 
study, possibly by drawing blood on different days, starl- 
ing with baseline conditions. Changes as a result of ex- 
perimental treatment can thus be easily distinguished 
from variations in the normal ranges of single proteins 
[28]. Our own Sprague-Dawley rats showed a dispersion 
of data for baseline concentrations in different pools 
(compare the starting values at day 0 for individual pro- 
teins in Fig. 3), resulting in an average coefficient of varia- 
tion for all proteins of 20%. lkawa and Shozen [51] have 
determined differences of 10-25% in concentration levels 
of some proteins in healthy individuals of an (unspecified) 
rat strain. 

4.6 Conclusions 

While the alterations in the serum protein makeup after 
acute or chronic inflammation have also been investigat- 
ed in mice [52] and in humans [53, 541, we feel our rat 
model may be a useful tool for the primary screening of 
molecules with potential antiphlogistic activity. After the 
effects of a model drug such as indomethacine, the target 
serum proteins for such a screening appear to be a2-mac- 
roglobulin, a2-HS-glycoprotein, C-reactive protein and 
kallikrein-binding protein. Owing to the specific effects of 
the drug itself on most serum components, sampling for 

differential evaluation, NSAlD therapy versus inflamma- 
tion, should be performed 24 h from the onset of treat- 
ment. Although technically demanding, the detailed proto- 
col appears cost-effective for the large-scale screening of 
new drugs, since information is provided at once on a 
large number of proteins, and unusuaVunexpected modifi- 
cations will not escape detection. One of the concerns 
about the use of animal models is the cost of their care. 
The possibility to use the same animals as a control as 
well as a test group allows a limited number of rats to be 
treated even in the presence of the relatively large base- 
line variability typical of an outbred population. The short 
treatment time required is also instrumental in cutting the 
costs involved in the experimental protocol. Ongoing re- 
search already involves the effects of NSAlDs on adju- 
vant arthritis (to be published with Laboratorio di Neuroim- 
munologia, lstituto di Ricerche Farmacologiche "Mario 
Negri",Milano). 
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ProtoClearTM is a proprietary technique for clearing albumin and immunoglobulin G 
(IgG) from human serum samples. Albumin constitutes 57-71 % of total serum protein 
and IgG ranges from 8-26%. Removal of these two proteins alone clears -75% of the 
total protein present in serum and allows the detection of the remaining proteins that 
are present in far lower concentrations. Protoclear effectively removed > 95% of hu- 
man serum albumin (HSA) and > 97% of human IgG as measured by an anti-HSA 
competitive immunoassay and a radial immunodiffusion assay, respectively. Proto- 
Clear was far more specific at removing albumin and IgG than Cibracon Blue Dye chro- 
matography (Cibracon Blue), the typically utilized alternative. Comparing two-dimen- 
sional (2-D) gels of serum cleared by either Cibracon Blue or by Protoclear, it was 
apparent that Cibracon Blue removed a number of proteins in addition to albumin. Fol- 
lowing removal of albumin and IgG from serum, we found a significant improvement in 
the resolution of polypeptide spots detected on two-dimensional gels. 

Keywords: Serum / Two-dimensional gel electrophoresis / Albumin / Immunoglobulin G / Proteo- 

mics 

1 Introduction 

Serum is known to be difficult to resolve by 2-D gel elec- 
trophoresis (2-DE), largely due to the abundance of se- 
rum albumin and immunoglobulin G (IgG). Albumin con- 
stitutes 51-71% of the total protein present in human 
serum and immunoglobulin G constitutes &26% [l]. The 
presence of these two proteins obscures other proteins 
that migrate to the surrounding area and limits the amount 
of serum that can be resolved on a 2-0 gel. Theoretically, 
by removing albumin and immunoglobulin G, that togeth- 
er make up 59-97% of the protein present in serum, 3-7 
times more serum can be analyzed. 

The current method available for removal of albumin from 
serum is highly nonspecific. Cibracon Blue chromatogra- 
phy is commonly used to bind albumin: however, this ma- 
terial is known to bind numerous other proteins [2]. Cibra- 
con Blue chromatography is based on the Cibracon Blue 
3G dye immobilized onto a matrix. Cibracon Blue mimics 
nicotinamide adenine dinucleotide and purine dinucleoti- 
des and, therefore, it binds most proteins that contain a 
dinucleotide fold through a specific affinity interaction [3]. 
Other proteins bind to its planar ring structure and nega- 
tively charged sulfate groups through a complex combina- 
tion of electrostatic, hydrophobic, and hydrogen bonding 
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interactions. It is known that albumin binds to this matrix 
with a very high affinity and the binding of various other 
plasma proteins such as interferon, lipoproteins, haemo- 
pexin, antithrombin 111, and blood coagulation factors have 
been reported [2, 41. Therefore, although Cibracon Blue 
binds albumin with a relatively high affinity, the fact that it 
also binds many other proteins makes it undesirable for 
studying serum proteins by 2-D gel electrophoresis. Fur- 
thermore, bilirubin and fatty acids complexed to albumin 
interfere with the binding of albumin to Cibracon Blue [4]. 
The amount of bilirubin and fatty acids complexed to albu- 
min can vary from person to person and therefore the ex- 
tent of removal of albumin by Cibracon Blue would be ex- 
pected to be variable. 

ProtoClearTM is a proprietary polypeptide affinity matrix 
designed to remove albumin and immunoglobulin G from 
human serum with minimal nonspecific protein removal. 
Data presented here show that Protoclear is highly effec- 
tive at removing albumin and immunoglobulin G from hu- 
man serum. We compare Protoclear to the Cibracon 
Blue-based method commercially available in the Albumin 
Removal Kit from ESA, and demonstrate that Protoclear 
resulted in much greater recovery of serum proteins other 
than albumin. Finally we demonstrate the improvement 
that Protoclear makes in 2-D gel images of serum. 

2 Materials and methods 

2.1 Protoclear 

ProtoClearTM technology is a proprietary technique [5] for 
clearing interfering proteins from a liquid sample. Proto- 
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Clear is a “collapsible affinity matrix” that is specific for a 
particular protein or proteins of interest. It consists of a 
polypeptide that has an affinity for the protein(@ of inter- 
est attached to a collapsible matrix. The collapsible matrix 
is formed by combining one member of a high affinity 
binding pair with another member of a high affinity binding 
pair system. The resulting complex is rigid enough to be 
centrifuged and washed, resulting in a matrix with minimal 
interstitial space and with specificity towards the protein 
of interest. The version of ProtoClearTM described here 
(and referred to in the text simply as Protoclear) is de- 
signed to remove human serum albumin (HSA) and im- 
munoglobulin G (IgG) from serum. When the serum sam- 
ple is incubated with the matrix, centrifugation results in a 
pelleted matrix containing HSA and IgG and a superna- 
tant greatly depleted in HSA and IgG. The pellet was dis- 
carded and the supernatant material was the ProtoClear- 
treated serum. The volume of serum treated ranged be- 
tween 10-100 pL per tube. Complete, Mini, EDTA-free 
Protease Inhibitor Cocktail (Boehringer Mannheim, Man- 
nheim, Germany) was added to prevent proteolysis. 

2.2 HSA and IgG quantification 

HSA removal was quantified by using an immunoassay 
specific for human serum albumin, developed in-house. 
Human IgG was quantified by using a Human IgG ML Ra- 
dial lmmunodiffusion Kit (The Binding Site). 

2.3 Cibracon Blue removal of HSA 

For albumin removal from serum using the Albumin Re- 
moval Kit (ESA, St. Ives. UK), directions from the kit were 
followed except that in-house formulations were used for 
sample dilution into immobilized pH gradient (IPG) rehy- 
dration buffer. 

2.4 Sample preparation and isoelectric 

Serum treated with either Protoclear, the ESA Albumin 
Removal Kit, or not treated, was diluted into IPG rehydra- 
tion buffer containing 8 M urea, 4% CHAPS, 10 mM DTT, 
0.4% Pharmalytes 3-1 0 (Pharmacia, Uppsala, Sweden), 
0.1 Yo sodium taurodeoxycholate, and bromophenol blue. 
Three hundred and sixty pL of sample in rehydration buf- 
fer was absorbed into an lmmobiline Dry Strip (Pharmacia 
Biotech; Piscataway, NJ; pH range indicated in figure leg- 
ends) overnight and the strips focused on a MultiPhor II 
(Pharmacia Biotech) for 100 kVh at 15OC. The focused 
strips were reduced, alkylated, and equilibrated in SDS by 
the method of [6]. Briefly, reduction was with 0.8% DTT in 
equilibration buffer (30% glycerol, 2.5% SDS, 6 M urea, 
0.15 M Bis-Tris and 0.1 M HCI) and alkylation was with 

focusing 

4% iodoacetarnide in equilibration buffer. Strips were stor- 
ed at -7OOC until later use. 

2.5 Second dimension 

The equilibrated IPG strips were placed onto a resolving 
acrylamide gel (percentages are noted in figure legends) 
and overlaid with 1% low melt agarose (FMC Bioproducts, 
Rockland, ME) in 0.2% SDS, 0.15 M Bis-Tris, 0.1 M HCI, 
bromophenol blue at 6OoC [6]. Electrophoresis was in 
0.1 M Tris base, 0.1 M Tricine, 0.1% SDS buffer overnight 
at 22OC. Gels were silver stained by the method of Rabil- 
loud [7] and dried in a BioRad Gel Dryer (Richmond, CA). 

2.6 Image analysis 

Gels were digitized using a Sharp JX-330 Scanner. Scan- 
ned images were analyzed with the ImageMaster Soft- 
ware (Pharmacia Biotech). After ImageMaster identifica- 
tion of polypeptide spots, the operator made any 
necessary modifications. Gels were compared to each 
other by the operator first seeding all obvious matches 
and then allowing ImageMaster to illuminate spots unique 
to each gel. Molecular weights and isoelectric points were 
estimated using known serum proteins as internal stand- 
ards. 

3 Results 

The degree of removal of albumin and IgG from serum by 
Protoclear was analyzed by quantitative methods. An im- 
munoassay, developed to measure HSA, was used to 
compare the amount of HSA before and after treatment 
by Protoclear. The evaluation of five different lots of Pro- 
toclear demonstrated that 98 f 1% of the HSA was 
removed, with the range of removal being 96-99%. A ra- 
dial immunodiffusion assay was used to quantitate the 
amount of IgG in serum before and after Protoclear treat- 
ment. The percent removal of IgG from four different hu- 
man sera samples was 97.6 f 0.2%. Greater than 97% of 
the IgG was removed irrespective of the initial IgG con- 
centration, which varied more than twofold (initial IgG 
range = 8.1-21.1 mg/mL). 

We compared the effectiveness of Protoclear with Cibra- 
con Blue chromatography, the currently available alterna- 
tive for albumin removal. We evaluated the Albumin Re- 
moval Kit from ESA, which is based on a Cibracon Blue 
resin spin column to remove albumin from small quanti- 
ties of serum. As shown in Table 1, the two techniques 
removed nearly equivalent amounts of albumin; however, 
the total protein recovery after accounting for albumin re- 
moval was nearly twofold greater in the serum treated 
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Figure 1. 2-D gel comparison of two albumin removal techniques. Equivalent volumes of serum (25 pL) cleared of albumin 
by either (A) Protoclear or (B) the ESA Albumin Removal Kit were loaded onto pH 3-10 nonlinear IPG strips, focused and 
run on 10% SDS-PAGE gels. Boxed regions are analyzed and presented in Fig. 2. Arrows point to proteins that exhibit 
equivalent protein load on both gels. 

with Protoclear than in the serum treated with the ESA Al- 
bumin Removal Kit. In Fig. l ,  equivalent volumes of se- 
rum cleared of albumin by either Protoclear or the ESA 
Albumin Removal Kit are resolved by 2-D gel electro- 
phoresis and compared. It is apparent that there are more 
polypeptides in serum treated with Protoclear (Fig. 1A) 
than in serum treated with the Albumin Removal Kit (Fig. 
19). Arrows point to proteins that exhibit equivalent pro- 
tein load on both gels to substantiate that an equivalent 
volume of sera was loaded onto each gel. The two upper- 
most proteins are al-antitrypsin dimer and al-acid glyco- 
protein, both of which are reported to flow through a Ci- 
bracon Blue matrix under low salt conditions [2]. Boxed 
regions in Fig. 1A and 1 B are enlarged in Fig. 2A and 28, 
respectively. When the spots in these equivalent regions 
were quantified, 97 spots were counted in the gel of se- 
rum treated with Protoclear and 41 spots were counted in 
the gel of serum treated with the ESA kit. The total vol- 
ume of the spots in Fig. 2A was 9047 and in Fig. 28, 
4699. These results correlate well with the twofold greater 
amount of protein recovered in the Protoclear sample 
when compared to the sample treated with the ESA kit, 
as measured by bicinchoninic acid (BCA) protein assay 
(Table 1). This suggested that Protoclear treatment re- 
sulted in greater nonalbumin protein recovery than the 
Cibracon Blue-based technique. 

Figures 2C and D represent overlays of the two boxed re- 
gions in Figs. 2A and B. The open circles in Figs. 2C and 
D are spots that were found in both Figs. 2A and 8. These 
spots were used as reference spots to match the two 
gels. The solid circles in Fig. 2C are polypeptide spots 
unique to the gel of serum treated with Protoclear and 
likely represent polypeptides that are removed by the 
ESA kit (56 spots). Similarly, the solid circles in Fig. 2D 
are polypeptides that are unique to serum cleared by the 
ESA kit and presumably represent polypeptides that are 
nonspecifically removed by the Protoclear treatment (9 
spots). Upon closer examination of the actual gels, rather 
than the scanned images, it is apparent that most of the 
spots missing from the Protoclear gel are actually present 
but are hidden in the background of more prominent 
spots. The gel with Protoclear-treated serum has many 
spots of much larger volume that obscure the relatively ti- 
ny spots. In the gel of Cibracon Blue-treated serum, which 
has less background as a result of fewer polypeptides, 
the very tiny spots stand out better. In fact, upon close ob- 
servation only one spot is clearly absent in the serum 
treated with Protoclear: the centermost spot in Fig. 28. 
This is a distinct spot and is likely to be a polypeptide that 
nonspecifically adheres to the Protoclear matrix. Since 
Protoclear removed only one polypeptide nonspecifically, 
out of 106 total polypeptides, we feel that Protoclear has 
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Figure 2. Image analysis of two albumin removal techniques. (A) and (C) are the boxed region 
shown in Fig. 1A of serum treated with Protoclear; (6) and (D) are the boxed region shown in Fig. 1 B 
of serum treated with the ESA Albumin Removal Kit. In (A) and (B), open circles surround spots iden- 
tified by ImageMaster software as described in Section 2.6. In (C) and (D), open circles are spots 
found on both gels and used as reference spots to match the two regions. Closed circles are spots 
unique to that gel. 

minimal nonspecific protein binding and offers a signifi- 
cant advantage over the currently available method. 

Additionally, numerous polypeptides were of much lower 
intensity in the gel of serum treated with the ESA Albumin 
Removal Kit than in the gel of serum treated with Proto- 
Clear. Six of the reference spots had a 10-fold or greater 
spot volume in the gel of Protoclear-treated serum. This 
could be due to an unequal loading of the two gels or due 
to the fact that the Cibracon Blue technique removed par- 

tial quantities of these proteins. Care was taken to load 
the gels with equivalent volumes of treated sera by cor- 
recting for any dilution that occurred throughout the pro- 
cedures. The proteins highlighted with arrows in Fig. 1 ap- 
pear to be of equivalent intensity in both gels, suggesting 
that an equal amount of protein was indeed applied. Addi- 
tionally, 15 of the reference spots used to match these re- 
gions had equivalent spot volumes and three of the spots 
in the gel of the Cibracon Blue-treated serum had larger 
volumes (-2-fold larger), as measured by ImageMaster. 
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Table 1. Comparing albumin removal and total protein recovery for different albumin 
removal techniques 

Clearing method Albumin removeda) Serum protein 
(Yo) recovered after 

albumin removalb) 
(“4 

Protoclear 98 f 2% 23 f 2% 
ESA Albumin Removal Kit 93 f 4% 11 f2% 

a) Albumin removal was quantified by an albumin immunoassay 
b) Total protein was quantified by BCA protein assay 
Percent serum protein recovered = (mg protein in cleared serum/mg protein in untreated se- 
rum) 

A B 

Figure 3. 2-D gel comparison of untreated serum and serum treated with Protoclear. (A) Serum, dialyzed against 5 mM 
Tris, 10 mM NaCI, pH 7.5, is compared to (B) serum treated with Protoclear. Shown is 50 pL serum equivalent, after cor- 
recting for dilution factor, loaded onto a commercial pH 4-7 IPG strip, focused and run on 14% SDS-PAGE gels. 

This provides objective evidence that equal volumes were From these gels it is apparent that the large amount of al- 
applied to the gels. Therefore, it is more likely that those bumin and IgG present in the untreated serum adversely 
polypeptides having a lower affinity for Cibracon Blue affected the focusing of proteins over the whole pH range. 
were partially removed. In total, the large degree of partial 

4 Discussion or complete removal of serum proteins makes Cibracon 
Blue unsatisfactory for serum-based proteomics where 
consistency is critical for direct quantitation of different We find that approximately 25-30 pL of serum (- 2 mg of 
samples. The high degree of specificity for albumin and protein) can be well resolved on a commercial 3 pH unit 
immunoglobulin G by the Protoclear technique is neces- strip (pH 4-7) and that with Protoclear treatment the vol- 
sary to achieve our goal of identifying disease-related pro- ume can be increased to 100 pL (- 2 mg of protein). 
teins in serum. Therefore Protoclear treatment allows 3-4 times more 

serum to be applied to a 2-D gel. We are developing cus- 
Protoclear was developed to enhance the resolution of tom Proteomix, Inc. IPG strips with an even narrower pH 
2-DE gels of serum. A comparison of 2-0 gels of serum range to allow further increases in serum load. By de- 
with and without Protoclear treatment is shown in Fig. 3. creasing the pH range to 1 pH unit and by increasing the 
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width of the strips we intend to increase the amount of se- 
rum that can be applied by an additional 3- to 4-fold. 
These techniques should enable us to load 400 pL of se- 
rum (after Protoclear treatment), or 8 mg of protein, onto 
one 2-D gel and will undoubtedly allow us to visualize 
more of the less abundant proteins in serum. Most previ- 
ous publications report analytical loads of plasma onto 
2-D gels. For example, the SWISS-2DPAGE map of plas- 
ma was prepared using only 0.75 pL of human plasma 
191. These authors subsequently developed narrow pH 
range IPG strips with a wide cathodic end that reportedly 
allows up to 15 mg of plasma proteins to be resolved [lo]. 
This technique appears to work well; however, it requires 
a large number of Vh (up to 500 kVh) for focusing. With 
currently available equipment this then requires four days 
for focusing, increasing the chance of protein degradation 
[6]. The combination of Protoclear and narrow range 
strips should greatly assist in the discovery of novel se- 
rum proteins. 

It is envisioned that Protoclear can have additional uses 
besides removal of albumin and IgG from serum and plas- 
ma. Albumin and IgG are also found in significant concen- 
trations in other bodily fluids such as cerebral spinal fluid, 
amniotic fluid, seminal fluid, and milk [l]. Removal of albu- 
min and IgG from these fluids should enable greater visu- 
alization of the remaining proteins by 2-DE. Further ex- 
periments will validate the use of Protoclear in these 
additional matrices. In its current version, Protoclear is 
specific for human albumin and IgG. However, a variation 
of Protoclear is under development that will bind and re- 
move serum albumin from other species. Bovine albumin 
is being targeted for use in removing albumin from cell 
culture supernatants. In particular, this would be useful 
for purifying protein from genetically engineered cells that 
secrete only low amounts of protein. Other species that 
are commonly used as animal models in pharmaceutical 
research are also being targeted. In addition, we are 
working towards another variation of Protoclear that re- 

moves the remaining isotypes of serum immunoglobulin 
present, i.e., immunoglobulin M, immunoglobulin A, and 
immunoglobulin D. This will improve the visibility of pro- 
teins that resolve near the p, a, and 6 immunoglobulin 
heavy chains and those that resolve underneath the haze 
from the immunoglobulin light chains. Furthermore, it will 
increase the amount of serum that can be loaded onto a 
gel. Protoclear was developed to assist in the search for 
unique disease-related proteins in human serum by 2-D 
gel electrophoresis. By comparing serum from normal in- 
dividuals to serum from affected individuals we hope to 
identify disease-specific proteins. We are currently using 
Protoclear to search for disease-related proteins in os- 
teoporosis, prostate cancer, breast cancer, colon cancer, 
ovarian cancer and dilated cardiac hypertrophy. 
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Pleural effusion may occur in patients suffering from physical trauma or systemic disor- 
ders such as infection, inflammation, or cancer. In order to investigate proteins in a 
pleural exudate from a patient with severe pneumonia, we used a strategy that com- 
bined preparative two-dimensional liquid-phase electrophoresis (2-D LPE), matrix- 
assisted laser desorptionlionization time-of-flight mass spectrometry (MALDI-TOF- 
MS) and Western blotting. Preparative 2-D LPE is based on the same principles as an- 
alytical 2-D gel electrophoresis, except that the proteins remain in liquid phase during 
the entire procedure. In the first dimension, liquid-phase isoelectric focusing allows for 
the enrichment of proteins in liquid fractions. In the Rotofor cell, large volumes (up to 
55 mL) and protein amounts (up to 1-2 g) can be loaded. Several low abundance pro- 
teins, cystatin C, haptoglobin, transthyretin, p,-microglobulin, and transferrin, were 
detected after liquid-phase isoelectric focusing, through Western blotting analysis, in a 
pleural exudate (by definition, =. 25 g/L total protein). Direct MALDI-TOF-MS analysis 
of proteins in a Rotofor fraction is demonstrated as well. MALDI-TOF-MS analysis of a 
tryptic digest of a continuous elution sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) fraction confirmed the presence of cystatin C. By applying 
2-D LPE, MALDI-TOF-MS, and Western blotting to the analysis of this pleural exudate, 
we were able to confirm the identity of proteins of potential diagnostic value. Our find- 
ings serve to illustrate the usefulness of this combination of methods in the analysis of 
pathological fluids. 

Keywords: Two-dimensional liquid-phase electrophoresis I Matrix-assisted laser desorptionlioni- 
zation time-of-flight mass spectrometry I Peptide mass mapping / Protein identification I Biological 
fluid EL 3344 

1 Introduction 

Pleural effusion may occur in patients suffering from 
physical trauma or systemic disorders such as infection, 
inflammation, or cancer. The differential diagnosis of 
these various etiologies is a difficult clinical problem [ I ,  21. 
Analysis of pleural effusion in clinical chemistry and path- 
ology has traditionally relied upon immunological and 
cytological assays in order to determine the cause of the 
accumulation of fluid around the lung [3-71. The origin of 
proteins in this fluid is primarily plasma, although malig- 
nant cells or microorganisms may contribute as well. Sev- 
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era1 thousand proteins can be resolved and visualized us- 
ing two-dimensional gel electrophoresis [8-10]. The 
combination of 2-0 gel electrophoresis with matrix-assist- 
ed laser desorptionhonization time-of-flight mass spec- 
trometry (MALDI-TOF-MS) has been demonstrated to be 
useful for the rapid identification of proteins in cell cultures 
(1 11 and tissue extracts [8-lo]. But because low amounts 
of total protein can be loaded onto analytical 2-D gels, in- 
sufficient amounts of low abundance proteins in biological 
fluids such as pleural exudates may be enriched for fur- 
ther characterization by mass spectrometry. The protein 
composition in this pathological fluid is typically 7040% 
albumin and immunoglobulins, whereas other proteins of 
potential diagnostic importance are found in trace 
amounts (ng/L-mg/L). 

The use of a new strategy employing preparative two-di- 
mensional liquid-phase electrophoresis (2-D LPE) and 
MALDI-TOF-MS was recently shown to be useful in the 
characterization of low abundance proteins in cerebrospi- 
nal fluid [12]. 2-D LPE is based on the same isoelectric fo- 
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cusing and gel electrophoresis principles as the widely 
used analytical 2-D gel electrophoresis. However, in the 
first dimension it is possible to load large sample volumes 
(up to 55 mL) and protein amounts (up to 1 g), which 
yields larger amounts of low abundance proteins for fur- 
ther purification and characterization. Previously, the use- 
fulness of the combination of liquid-phase IEF and immu- 
noblotting was demonstrated in the enrichment of trace 
amounts of synaptic proteins, present in ng/L, from hu- 
man cerebrospinal fluid [13]. During 2-0 LPE, proteins re- 
main in liquid phase during the entire procedure. Thus, 
proteins can be monitored easily, both in the first and sec- 
ond dimension. Extra steps necessary for the hyphena- 
tion of gel electrophoresis to mass spectrometry (electro- 
blotting, extraction, etc.) are obviated when the proteins 
remain in liquid phase. However, 2-D LPE does not have 
the high resolution that characterizes 2-0 gel electro- 
phoresis. We used 2-D LPE, Western blotting, and MAL- 
DI-TOF-MS to characterize proteins in a pleural exudate 
(by definition, > 25 g/L total protein), which contained a 
large number of inflammatory cells. The aim was to study 
whether proteins could be identified and characterized in 
this complex pathological fluid, which contained high 
amounts of albumin and immunoglobulins. 

2 Materials and methods 

2.1 Materials 
A 10 mL sample of pleural exudate was obtained by 
thoracocentesis of a patient with severe pneumonia and 
X-ray verified pleural effusion. Routine clinical chemical 
analysis showed 42 g/L of total protein, and direct micro- 
scopy showed a high number of polymorphonuclear gran- 
ulocytes (1.1 x lO''/mL) anderythrocytes (1.6 x 106/mL). 
The sample was centrifuged at 2000 x gat +4OC in order 
to remove cells and cellular debris, and kept at -7OOC un- 
til analysis. Porcine trypsin, equine myoglobin, cyto- 
chrome c. angiotensin 11, and ACTH clip (18-39) were 
purchased from the Sigma (St. Louis, MO, USA). The 
MALDI matrices used were 4-hydroxy-3-methoxy-cin- 
namic acid (ferulic acid; Fluka, Buchs, Switzerland) and 
a-cyano-4-hydroxy-cinnamic acid (CHCA; Aldrich, Stein- 
heim. Germany). 

2.2 Two-dimensional liquid phase 

2-D LPE was performed according to experimental proce- 
dures as described previously [12]. In short, proteins in 
2 mL of pleural exudate were precipitated by 10% tri- 
chloroacetic acid (TCA) and brought to a volume of 10 mL 
with 6 M urea, 20 mM dithioerythritol and 2.5% BioLyte car- 
rier ampholytes, pH range 3-10 (Bio-Rad Laboratories, 
Hercules, CA, USA). The sample (10 mL) was loaded into 

electrophoresis 

the Rotofor cell (Bio-Rad Laboratories) and constant pow- 
er (10 W) was applied for 4 h. Twenty separate 0.5 mL 
fractions were rapidly harvested and pH values deter- 
mined immediately. Each fraction was analyzed using 
MALDI-MS, and by 12 or 15% SDS-PAGE followed by 
Western blotting. The remainder was dried (Speedvac). 
The dried Rotofor fractions containing cystatin C, as 
determined by Western blotting, were dissolved in 1 mL 
of SDS sample buffer (0.06 M Tris-HCI, pH 6.8, containing 
2% SDS, 3% dithioerythritol, 10% glycerol, and 0.1125% 
bromophenol blue), boiled for 5 min and applied to model 
491 PreCell (Bio-Rad Laboratories) according to the in- 
struction manual. The gel composition was 17%T / 
2.67%C (height, 10 cm; tube size, 28 mm ID). The %T is 
the percentage by weight of total monomer, including 
crosslinker N,N'-methylenebisacrylamide, and %C is the 
proportion of crosslinker as a percentage of total mono- 
mer. The stacking gel composition was 4%T / 2.67OhC 
(height, 2.0 cm). One hundred twenty fractions containing 
2.5 mL buffer eluate were collected. To identify fractions 
containing cystatin C, 40 pL aliquots from every fifth frac- 
tion were concentrated and analyzed by Western blotting. 

2.3 SDS-PAGE and Western blotting 

Ten pL samples were electrophoresed through a 12 or 
15% gel using the buffer systems of Laemmli [14]. The 
proteins were transferred from the gel to a PVDF mem- 
brane (Millipore, Bedford, MA, USA) using the semidry 
technique that utilized the Nova Blot System (Pharmacia, 
Uppsala, Sweden) at 0.8 mNcm2 for 30 min, blocked with 
5% milk powder in phosphate buffered saline (58 mM 
Na2HPO4.2H2O, 17 mM Na2HP04.H20. 68 mM NaCI, pH 
7.4) containing 0.05% Tween-20. After blocking, the 
membranes were incubated overnight with a rabbit anti- 
serum (Dakopatts, Glostrup, Denmark) against haptoglo- 
bin, cystatin C, transthyretin, P2-microglobulin, or transfer- 
rin, diluted to 1 pg/mL, then incubated with a secondary 
alkaline phosphatase-conjugated antibody (Bio-Rad). The 
color reaction was developed with 0.01 5% 5-bromo-4- 
chloro-3-indolyl phosphatase, and 0.030% nitroblue tetra- 
zolium in 0.1 M carbonate buffer containing 1.0 mM MgCI2 
[151. 

2.4 SDS removal 

SDS was removed by a modification [16] of the extraction 
method described by Wessel and Flugge [17]. The sam- 
ples were centrifuged at 14 000 x g. 

2.5 Tryptic digest 

PreCell fraction 68/100, which showed the presence of 
cystatin C by Western blotting, was dried and dissolved in 
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kDa 

25 pL of digestion buffer containing 0.1 mM CaCI2 and 
0.1 M NH4HC03 in water. Trypsin (1 g/L) dissolved in 
1 mM HCI and 0.1 mM CaCI2 was added. A protein-en- 
zyme ratio on the order of 500:l was used. The sample 
was incubated at 37% for 4 h. 

c" '. 

2.6 MALDI-TOF-MS 

Samples were prepared using the seed layer method 
[la]. In short, a matrix seed layer was created by deposit- 
ing 0.5 pL of a 1 glL solution of matrix dissolved in aceto- 
nitrile on the probe. Then, equal volumes of matrix and 
analyte solutions were mixed and 0.5 pL of the mixture 
was deposited on the matrix seed layer and dried under 
ambient conditions. For analysis of proteins in Rotofor 
fractions, ferulic acid (30 g/L) in 0.1% TFA in acetonitrile/ 
water (1:l) was used. For tryptic peptides, CHCA (15 g/L) 
in 0.1% TFA in acetonitrile/water (1:l) was used. All mass 
spectrometric analyses were performed using a Reflex 
MALDI-TOF mass spectrometer (Bruker-Franzen Analy- 
tik, Brernen, Germany). Samples were irradiated with a ni- 
trogen (337 nm) laser. The instrument is equipped with a 
gridless two-stage electrostatic reflectron and a pulsed 
ion extraction ion source. Mass spectra were analyzed 
using Bruker software on a Sun Sparc station, and cali- 
brated using external calibration. 

3 Results 

3.1 Western blotting of proteins in Rotofor 
fractions 

Cystatin C was detected in Rotofor fractions 7-20 as a 
single band at 15 kDa, covering a pH range of 7.6-8.5 
(Fig. 1). Haptoglobin was detected in Rotofor fractions 3- 
1 1 ,  pH 5.8-6.5 (Fig. 2). The heterogeneity of haptoglobin 
found in this pleural exudate is evident in this figure, be- 
cause bands can be observed at 15, 25, and 55 kDa. 

kDa 

15 - 

7 9 11 13 15 17 19 __ - - - . - - 

Figure 1. Western blotting of cystatin C in Rotofor (liquid- 
phase preparative IEF) fractions 1-20. 

kDa 

55 - 

25 - 
15 - 

3 4 5 6 7 8 9 10 11 

80 - 
48 - 

12 - 

--.I---- 

3 

Figure 3. Western blotting of transthyretin in Rotofor 
(liquid-phase preparative IEF) fractions 1-20. 

Haptoglobin is comprised of two alpha chains and two be- 
ta chains. In the presence of free hemoglobin, haptoglo- 
bin forms a high affinity complex with this protein. Trans- 
thyretin was localized in Rotofor fractions 3-9, pH 5.8-6.2 
(Fig. 3). As in the case of haptoglobin, this protein has a 
heterogeneous appearance; bands may be observed at 
12, 48, and 80 kDa. Transthyretin is composed of four 
identical polypeptide chains, each weighing 13.8 kDa. 
Therefore, these three bands probably correspond to the 
transthyretin monomers, dimers, and teramers. In addi- 
tion, P,-microglobulin and transferrin were detected at pH 
6.2-7.8 and pH 6.0-7.0, respectively (data not shown). 

3.2 Direct MALDI-TOF-MS analysis of Rotofor 
fraction 7 

Several peaks were apparent in the MALDI-TOF-MS 
analysis of Rotofor fraction 7 (Fig. 4). Proteins at m/z 
4606, 9141, 9197, 9374, 13766, and 15950 were ob- 
served. No further attempt was made to identify these 
proteins in this step. Proteins could be observed by MAL- 
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DI analysis of several other Rotofor fractions as well (data 
not shown). 

3.3 Western blotting of continuous elution 

Rotofor fractions 12-15, which were positive for cystatin 
C as determined by Western blotting, were pooled and 
loaded on the Prepcell. Fraction numbers 65-75 were 
positive for cystatin C. 

SDS-PAGE fractions 

3.4 MALDI-TOF-MS analysis of a tryptic digest 

MALDI-TOF-MS analysis of a tryptic digest of PrepCell 
fraction 68/120, which showed the presence of cystatin C 
by Western blotting, confirmed the presence of this pro- 
tein (Fig. 5). The sequence coverage provided by this 
analysis was 44.2%. A comparison of the observed and 
theoretical masses of the tryptic peptides is presented in 
Table 1. 

4 Discussion 

We used preparative 2-D LPE combined with Western 
blotting and MALDI-TOF-MS in order to identify and char- 
acterize proteins in a pleural exudate. Compared to ana- 

lytical 2-D gel electrophoresis, it is possible to load larger 
sample volumes and protein amounts for the first-dimen- 
sional separation. However, 2-D gel electrophoresis of- 
fers superior resolution to 2-D LPE. Liquid-phase IEF has 
been demonstrated to be useful in the enrichment of syn- 
aptic proteins from cerebrospinal fluid (CSF) for identifica- 
tion by immunoblotting [13]. 2-D LPE in combination with 
MALDI-TOF-MS has been used successfully to identify 
and characterize low abundance proteins in CSF [12]. In 
the present study, we have shown that proteins in other 
complex biological fluids such as pleural exudates can be 
characterized using the same combination of methods. 
After liquid phase IEF, cystatin C, haptoglobin, transthyre- 
tin, pp-microglobulin, and transferrin could be detected us- 
ing Western blotting. 

Although it is possible to obtain mass spectra of proteins 
in complex biological mixtures without previous purifica- 
tion steps [18, 191, simple fractionation often results in a 
dramatic improvement of the signal-to-noise ratio. We 
have demonstrated that it is possible to analyze Rotofor 
fractions of a pleural exudate using MALDI-MS directly. 
To our knowledge, this is the first time that liquid-phase 
IEF using the Rotofor has been used as a fractionation 
step prior to MALDI-MS analysis. Tentative identification 
of proteins can be made on the basis of the experimental- 
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Figure 4. Direct MALDI-MS 
analysis of proteins in Rotofor 
fraction 7. The spectrum was 
acquired in linear mode using 
ferulic acid as a matrix, at an 
accelerating voltage of 25 kV, 
and is the sum of 300 laser 

mlz shots. 
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‘Ik Figure 5. Tryptic digest of Pre- 
Cell fraction 68/120. The spec- 
trum was acquired in reflectron 
mode using CHCA as a matrix, 

Table 1. Peptides observed by MALDI-TOF-MS analysis 
of PrepCell fraction 68/120. The monoisotopic 
masses of peptide sequences derived from cys- 
tatin C are indicated. 

Sequence m/z observed d z  calculated 

I I Ill at an accelerating voltage of 

(9-24) 
(9-24) Met-ox 
(9-25) 
(9-25) Met-ox 
(25-36) 
(26-36) 
(37-45) Met-ox 
(55-70) 

1644.4 
1660.4 
1800.5 
181 6.5 
1382.1 
1226.2 
1096.2 
1792.3 

1644.7 
1660.7 
1800.5 
1816.9 
1382.7 
1226.6 
1096.4 
1792.9 

ly determined masses, but further procedures are re- 
quired for certain identification. For instance, the protein 
with observed monoprotonated mass 13 766 u may be 
transthyretin (Fig. 4; theoretical monoprotonated mass 
13 762 u). Transthyretin was also detected using immu- 
noblotting in this fraction (Fig. 3). In the case of cystatin 
C, the amount of protein from a single PrepCell fraction 
was sufficient to obtain a peptide map by enzymatic di- 
gest followed by MALDI-MS analysis of the tryptic pep- 
tides (Fig. 5, Table 1). It is possible to combine the first di- 
mension (Rotofor) with an alternative second-dimensional 
separation. MALDI-TOF-MS is easily interfaced with the 
electrophoretic methods described here, and can be used 
to detect proteins in both the first (Rotofor fractions) and 
second (Prepcell) dimensions. Because the proteins are 

2000 m/z with arrows. 

eluted in buffer from the Prepcell, extra steps such as 
electroblotting or extraction from gels are avoided. How- 
ever, 2-D LPE lacks the high-quality resolution that 2-D 
gel electrophoresis offers. 

The usefulness of this strategy has been demonstrated 
by the identification of proteins in a pleural exudate. In the 
sample studied, the total protein content (42 g/L) was 
more than half the protein content of plasma (about 75 g/ 
L), and many of the proteins found in pleural exudates re- 
flect the distribution of plasma proteins. The average val- 
ues for albumin and immunoglobulins in human plasma 
are 45 g/L and 1 1  glL, respectively. Other important diag- 
nostic proteins are found in much lower amounts. The 
average plasma concentration of cystatin C and p,-micro- 
globulin is 1 mg/L, whereas the concentrations of transfer- 
rin, haptoglobin, and transthyretin are 2.3 g/L, 1.5 g/L, 
and 0.3 g/L. In inflammatory fluids such as pleural exu- 
dates, haptoglobin complexes with free hemoglobin and 
is rapidly cleared. Therefore, the concentration of hapto- 
globin in this sample was probably lower than would be 
expected in a plasma sample from a healthy individual. In 
the clinical setting, ascertaining the cause of pleural effu- 
sions continues to present diagnostic difficulties. Several 
markers have been evaluated for use in the clinical chem- 
istry laboratory for distinguishing between different types 
of pleural effusions. For instance, haptoglobin and trans- 
ferrin are used as diagnostic markers in pleural exudates 
[l], but more specific markers are needed. Even when in- 
vasive diagnostic procedures are used, up to 20% of pa- 



Identification of proteins in pleural exudate using 2-D LPE and MALDI-TOF-MS 285 

tients remain without diagnosis. We have shown that pro- 
teins in pleural exudates can be characterized using the 
methods described. Similar procedures may also prove 
useful in proteome studies of cell cultures, cell media, tis- 
sue homogenates, and other complex biological fluids. 

This study was funded by the Medical Society of Gote- 
borg, the Swedish Society for Medical Research, the 
Swedish Medical Research Council (grant numbers 
07517, 12575, 11560, 12103, 12769), under the LUA 
agreement (98-280, R. Ekman), Bohuslandstingets FoU 
fond, Sweden, the Wilhelm and Martina Lundgren Fund, 
Sweden, and Magnus Bergvalls Stiffelse, Stockholm, 
Sweden. 

Received October 26,1998 

5 References 

[l] Alexandrakis, M.. Coulocheri, S.. Kyriakou, D., Bouros, D., 
Xirouhaki. N., Siafakas, N.. Castanas. E., Elipoulos. G. D., 
Resp. Med. 1997,91,517-523. 

[2] Salama, G., MiBdougB, M.. Rouzaud, P., Mauduyt, M.-A,, 
Pujazon, M.-C., Vincent, C., Caries. P., Serre, G., Br. J. 
Cancer 1998, 77,472-476. 

131 Assi, Z., Caruso, J. L.. Herndon, J., Patz, E. F., Chest 1998, 

[41 Brown, G. A., Ginsberg, P. C., Harkaway, R. C., Urol. lnt. 

[51 Marie. C., Losser, M.-R., Fitting, C., Kevmarrec, N.. Payen, 
D., Cavaillon, J.-M., Am. J. Respir. Crit. Care Med. 1997, 

113,1302-1 304. 

1998, 60, 197-198. 

756.15151522. 

Romero, S., Fernbndez, C.. Arriero, J. M., Espasa, A.. Can- 
dela, A., Martin. C., Sbnchez-Paya, J., Eur. Respir. J. 1996, 

Villena. V., Lopez-Encuentra, A,, Echave-Sustaeta. J., Mar- 
tin-Escribano, P., Ortuiio-de-Solo, 6.. Estenoz-Alfaro, J., 
Cancer 1996, 78,736-740. 
Celis. J. E.. Gromov, P., Ostergaard. M., Madsen, P.. Hon- 
or& B., Dejgaard, K., Olsen. E., Vorum, H., Kristensen, D. 
6.. Gromova, I., Haunse, A., van Damme, J. V., Puype, M., 
Vandekerckhove, J., Rasmussen, H. H., FEBS Lett. 1996, 
398, 129-1 34. 
Klose. J.. Kobaltz. U., Electrophoresis 1995, 16, 1034- 
1059. 
Yan, J. X., Tonella. L., Sanchez, J.-C., Wilkins, M. R., Pack- 
er, N. H.. Gooley. A. A.. Hochstrasser, D. F., Williams, K. L.. 
Electrophoresis 1997, 18, 491497. 
Matsui. N. M., Smith, D. M., Clauser, K. R., Fichmann, J., 
Andrews, L. E., Sullivan, C. M., Burlingame, A. L., Epstein, 
L. 6.. Electrophoresis 1997, 78, 409-417. 
Davidsson, P., Westman, A., Puchades, M.. Nilsson, C. L., 
Blennow. K., Anal. Chem. 1999, 77, 642-647. 
Davidsson, P., Puchades, M.. Blennow, K.. Electrophoresis 
1999, 20, in press. 

Laemmli. U. K., Nature 1970,227,680-685. 
Leafy, J. J., Brigati. D. J., Ward, D. C., Roc. Natl. Acad. 
Sci. USA 1983.80.4045-4049. 
Puchades, M., Westman, A., Blennow. K., Davidsson, P., 
Rapid Commun. Mass Spectrom.. in press. 
Wessel, D., Flugge, U. I., Anal. Biochem. 1984, 138, 141- 
143. 
Westman, A., Nilsson, C. L.. Ekman, R., Rapid Commun. 
Mass Spectrom. 1998, 12, 1092-1 098. 
Beavis, R. C., Chait. B. T., Roc. Natl. Acad. Sci. USA 1990, 
87,6873-6877. 

9, 17-23. 



286 When citing this article, please refer to: Electrophoresis 1999, 20, 866-869 

Two-dimensional polyacrylamide gel 
electrophoresis map of bovine ovarian fluid 
proteins 

Molecular mechanisms underlying the cystic degeneration of ovarian follicles in the 
dairy cow have not been clarified yet. A useful approach for complementing endocrino- 
logical and clinical studies could be represented by the systematic analysis of the pro- 
tein patterns in follicular and cystic fluid. With this aim, a two-dimensional polyacryl- 
amide gel electrophoresis map of proteins contained in fluid from bovine ovarian 
follicles at different stages of development and from bovine ovarian cyst has been ob- 
tained. About 200 spots were detected after silver staining. Polypeptides from nine 
spots or series of spots have been identified by Kterminal sequencing, and further 
analysis of the map has been performed by gel comparison. Alpha-I -antitrypsin, albu- 
min, serotransferrin and apolipoprotein A-I and A-IV were located on the map. Compar- 
ison between protein patterns revealed the differential expression of some spots 
among follicles of smaller diameter, follicles of larger diameter, and cysts. This could 
represent the first step toward the identification of proteins differentially expressed and 
associated with ovarian cyst development. 

Michele Mortarlno 
Danieie Vlgo 
Glovanni Maffeo 
Severlno Ronchl 

lstituto di Fisiologia 
Veterinaria e Biochimica, 
Universith degli Studi di 
Milano, Milano, Italy 

Keywords: Two-dimensional polyacrylamide gel electrophoresis / Bovine ovarian fluid proteins 
EL 3342 

1 Introduction 

Ovarian cystic disease, characterized by a lack of normal 
ovarian activity and a low conception rate, is the main 
cause of reduced reproductive efficiency in the dairy cow. 
Follicle anovulation and degeneration occur mostly during 
the first ovarian cycle after parturition. This leads to the 
formation of a cystic structure, persisting up to 140 days. 
Clinical, cytological and endocrine aspects of ovarian 
cystic disease have been widely investigated, but the mo- 
lecular mechanisms that result in the anovulation of Graaf 
follicle and in the development of a degenerative cystic 
form are not well understood. In particular, a major role in 
determining the ovulation of the follicle has been assigned 
to plasminogen activator synthesized by granulosa cells, 
leading to plasmin-mediated disruption of cell-cell interac- 
tions in the follicle wall [I]. A link between reduced con- 
centration of plasminogen in follicular fluid and the onset 
of ovarian cystic degeneration has been postulated [2], 
but detailed studies of the protein composition of fluid 
contained in the Graaf follicles and in the ovarian cysts 
have not been performed yet. 

Two-dimensional polyacrylamide gel electrophoresis (2-D 
PAGE) represents a useful tool for the separation, com- 

Correspondence: Prof Severino Ronchi, lstituto di Fisiologia 
Veterinaria e Biochimica, Via Celoria 10, 20133 Milano, Italy 
E-mall: sronchi@imiucca csi unimi it 
Fax: +39-2-2666301 

parison, and characterization of proteins from complex 
biological samples. In this work, we have established the 
2-D PAGE map of proteins expressed in fluid contained in 
the dairy cow follicle and ovarian cyst. Our aim was to de- 
termine approximately how many proteins are expressed, 
to identify the most abundant polypeptides, and to com- 
pare the protein profile in connection with the different 
stages of ovarian follicle development, up to cystic degen- 
eration. This approach could provide a useful key for the 
study of the nature and function of the proteins expressed 
in bovine ovarian fluids. 

2 Material and methods 

2.1. Apparatus 

The IPG separation was performed using a MultiphorTM I I  
Electrophoresis Cell (Pharmacia, Uppsala, Sweden). Ver- 
tical slab gels (1 60 X 200 X 1.5 mm) were cast in a Pro- 
teanTM Multi-Gel Casting Chamber and SDS-PAGE was 
performed using a ProteanTM Multi-Cell apparatus (Bio- 
Rad, Hercules, CA). Electroblotting was performed with a 
Trans-BlotTM Cell (Bio-Rad). Kterminal sequencing was 
performed on an Applied Biosystems model 477/A protein 
sequenator (Foster City, CA, USA). All reagents were of 
electrophoresis or sequencing grade. 

* Present address: Intervet ltalia S.r.l., Milano, Italy 

From Genome to Proteome: Advances in the Practice and Application of Proteomics 
Edited by Michael J Dunn 

copyrigh 0 WILEY-VCH Verlag GmbH, 2000 
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2.2 Sample preparation ples were collected from low-dimension (diameter less 
than 10 mm), medium-dimension (diameter from 10 mm 

Ovarian fluid samples from four Holstein Fresian cows to 1 cm) and high-dimension (diameter greater than 1 cm) 
were obtained by two-dimensional ultrasonographic- follicles, and from ovarian cysts (diameter 2.5 cm or 
monitored transvaginal collection: from each animal, Sam- more), and immediately frozen. Protein concentration 

pH 3.5 Non-linear-IPG pH 9.5 

4 

4 
3 
E 

Figure 1. Silver-stained ovarian cystic fluid proteins following 2-D PAGE. Gels were scanned at 84 pm resolution using 
a model GS-700 imaging densitometer (12 bitslpixel; Bio-Rad) and images were processed with Melanie I I  (121. 
Numbers refer to polypeptides listed in. Table 1. See text for comments about spots marked A, B, C and D. 
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Table 1. List of polypeptides identified on 2-D protein map of ovarian cystic fluid 

Spot Polypeptide Sequence 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Albumin 
Alpha-1 -antitrypsin 
Apolipoprotein A-IV 
Apolipoprotein A-I 
Albumin putative fragment 358-683 
Serotransferrin 
Albumin putative fragment 279-683 
Albumin Nterminal fragment 
Albumin putative fragment 356-683 
Alpha-1 -antichymotrypsin 
IgG heavy chains 
IgG light chains 

DTHKS 
GLVQGHAVQE 
EVNADQVATVXXDYK 
DDPQSSW DRV 
LAKEYEAXXEE 
DPERTVRXXT 
DKPLLEKXXXIAEVE 
DTHKXEIAHRFKDLG 
LRIAKEYEAXXEE 
Gel comparison 
Gel comparison 
Gel comparison 

Letter X represents an unidentified residue. 

was determined by spectrophotometric evaluation of ab- 
sorbance at 280 nm, considering the value Abs 1 = 1 mg/ 
mL total protein. One pL (for analytical gels) or 80 pL (for 
micropreparative gels) of ovarian (follicular or cystic) fluid 
were diluted to 350 pL with sample buffer containing 7~ 
urea, 2 M thiourea, 1% dithioerythritol (DTE), 4% CHAPS, 
0.8% Ampholine, pH 4-8, and a trace of bromophenol 
blue, and loaded onto commercial 3-10 NL IPG strips by 
in-gel rehydration as described in [3]. 

2.3 2-D PAGE 

Protein were separated by 2-D PAGE essentially as de- 
scribed in [4] for the first dimension, and in [5] for the sec- 
ond dimension. In particular, total voltage applied was 
100 kVh both for analytical IEF and for preparative IEF. 
The second dimension was performed on a 9-16% poly- 
acrylamide linear gradient gel. The temperature was 
maintained at 15 OC during IEF and at 9 OC during SDS- 
PAGE. 

2.4 Staining, eiectrobiotting and 

The 2-D PAGE analytical gels were silver-stained as de- 
scribed (61. The micropreparative gels were alternatively 
stained with 0.2% Coomassie blue in 40% MeOH / 10% 
acetic acid / 50% water or electroblotted onto PVDF 
membranes as described [7]. Membranes were stained 
with 0.2% Coomassie blue in 40% MeOH / 60% water, 
destained with 40% MeOH / 60% water and dried under a 
stream of air. Spots of interest were excised and Ntermi- 
nally sequenced [El. Proteins were identified by Ntermi- 
nal sequencing of excised spots from the PVDF mem- 
brane and comparison of the corresponding amino acid 
sequences (at least five residues) with those reported in 
SWISS-PROT entries. 

microsequencing procedures 

3 Results and discussion 

The protein pattern of each type of fluid obtained from the 
same cow or from different cows was highly reproducible, 
except in the overall intensity of staining among the maps, 
due to the increasing protein concentration ranging from 
about 30 mg/mL in the smallest follicle fluid to about 55 
mg/mL in cystic fluid. Silver staining of the 2-D maps 
revealed about 200 spots (Fig. 1). Among these, nine 
spots (single spots or a series of spots) have been suc- 
cessfully analyzed by Nterminal sequencing after electro- 
blotting onto PVDF membrane. A series of spots num- 
bered 10, 11 and 12 was tentatively identified by gel 
comparison with the human plasma 2-D map [9]. 

Protease inhibitor alpha-1 -antitrypsin and highly ex- 
pressed serum-related polypeptides as albumin, sero- 
transferrin and apolipoprotein A-I were identified (Table 
1). In particular, the polypeptide corresponding to spot 3 
was related to apolipoprotein A-IV, not reported yet in bo- 
vine, sharing a similar Nterminal sequence with human 
apolipoprotein A-IV. Albumin fragments were also con- 
stantly detected, despite the use of protease inhibitors. It 
seemed useful to compare the obtained map with publish- 
ed high-resolution 2-D PAGE protein maps. Among 
these, the human plasma 2-D PAGE map was chosen as 
reference map for computer matching, since bovine ovari- 
an fluid protein samples were prepared using substantial- 
ly the same method, and the overall protein pattern 
results were similar. In particular, bovine alpha-1 -antichy- 
motrypsin has been located in a well-defined area on the 
map, according to the one-dimensional SDS-PAGE mi- 
gration pattern and to the high degree of amino acid se- 
quence homology shared with the human protein [lo, 11). 
Moreover, putative identification of spots 10, 11 and 12 
must be regarded in a critical way, and final confirmation 
by sequence analysis and/or other methods is needed. 



2-D PAGE map of bovine ovarian fluid proteins 289 

4 Concluding remarks 

These results indicate that 2-D PAGE constitutes a useful 
key to analyze the protein expression pattern in fluid from 
a Graaf follicle and from an ovarian cyst. This could rep- 
resent a starting point in the search for uncommon and/or 
unknown proteins, and for the identification of proteins dif- 
ferently expressed and associated with ovarian cyst de- 
velopment. 

Figure 2. Silver-stained 2-D protein map from the fluid 
contained in ovarian follicles with a diameter 4 cm. 
Close-up corresponding to the boxed area in Fig. 1. Spots 
A, B, C and D are practically absent. 

Gel comparison among the 2-D protein maps from follicu- 
lar and cystic ovarian fluid, both from the same cow and 
from different cows, revealed that the protein patterns 
were substantially similar. Moreover, at least two low- 
abundance spots of apparent p15.5, M, 27 000 and appa- 
rent p14.8, M, 40 000 (letters C and D in Fig. 1, respec- 
tively) are expressed only in ovarian cyst fluid and not in 
follicular fluid, irrespective of the follicle diameter. Further- 
more, two other low-abundance spots (letters A and B in 
Fig. 1) are expressed only in the largest follicular (di- 
ameter > 1 cm) fluid and in cystic fluid, and are absent in 
smaller follicular fluid (Fig. 2). Polypeptides related to 
these four differently expressed spots have not been 
identified yet. At this early stage, there are no findings 
about changing of plasminogen/plasmin levels, or appear- 
ance of fragments from proteins other than albumin, in 
ovarian fluids analyzed. Moreover, further identification of 
polypeptides will be needed in order to clarify the possible 
role of proteases and antiproteases in altering normal fol- 
licle development. 

We would like to thank Dr. Maurizio Chiesa for sample 
collection. This work was supported by a grant from the 
Minister0 delYUniversita e della Ricerca Scientifica e 
Tecnologica. 
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Two-dimensional electrophoresis and computer 
imaging: Quantitation of human milk casein 

Because human casein does not precipitate from milk at its isoelectric point as does 
bovine casein, there is no easy method of quantitation. Casein represents only approx- 
imately 30% of the protein fraction in human milk, and the complex methods necessary 
for isolation cannot be used easily with small samples in a survey of a large number of 
mothers. Two-dimensional electrophoresis coupled with computer imaging has the po- 
tential to compare and quantitate proteins expeditiously using a small sample size. Iso- 
Dalt, a denaturing methodology, separates the casein micelle into its component parts, 
beta-casein, kappa-casein, parakappa-casein and casomorphins. Identification of 
these spots was made by immunoassay of a Western blot with monoclonal anti-human 
casein. Two spots at 24 kDa and 26 kDa, thought to be phosphorylated isomers of beta 
casein, were selected for quantitation. Milk samples from 20 mothers, 8 weeks post 
partum, were run on two-dimensional (2-0) gels: a slide was taken of each silver- 
stained gel with a Kodak control strip: the slide was scanned into powerMac Photoshop 
3 with a Polaroid-Sprintscan; spots were isolated using "threshold, "mask" with IPTK 
(Imaging Processing Tool Kit, Reindeer Games) a Photoshop plug-in, and transferred 
to the NIH-Image program. Using an NIH-Image gel macro (Thomas Seebacher), the 
area and integrated density of the spots were measured. The Kodak control scale pro- 
vided calibration and conversion to OD units. Visual scanning of the gels and computer 
units indicated a wide range of concentrations. To understand the range in units of 
weight, a standard was generated using bovine alpha casein (Sigma). Measurements 
will be used in a statistical program, Statview (Abacus), in an attempt to correlate infor- 
mation from a questionaire with casein concentration. 

Keywords: Two-dimensional electrophoresis / Milk I Computer imaging EL 3366 

1 Introduction 

Casein is the major protein nutrient in human milk. A visu- 
al scan of 2-0 gels suggests a wide variation in casein 
concentrations. Computer imaging and measurement, re- 
cently made possible with the development of sensitive 
scanning techniques and sophisticated software accom- 
panied by manuals such as The lmage Processing Hand- 
book [l], give a numerical basis for determining differenc- 
es. Imaging program algorithms enable standardization of 
gels, mitigating the problem of gel-to-gel comparison, 
which arises, for the most part, from silver staining. All 
samples used were from mothers 8 weeks post partum; 
this is essential because milk composition changes dra- 
matically over time from colostrum through a transition 
phase to mature milk. Two samples, am and pm, from 20 
mothers (40 samples total) were electrophoresed and 
quantitated. Casein is secreted as a micelle. It is dena- 
tured by 2-D methodology and is seen on the gel as ap- 
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proximately 14 areas related to the basic fragments K-ca- 
sein, para-K-casein, 0-casein, casein phosphopeptides. 
and casomorphins [2]. Two spots at approximately 26 
kDa and 24 kDa were selected for quantitation. These 
were identified as phosphoserine isoforms of p-casein by 
immunoassay of a 2-D blot with anti-phosphoserine. The 
spots were chosen because they were isolated, simplify- 
ing the imaging procedure for this beginning attempt. The 
spots represent an estimated 75% of the 0-casein iso- 
form, that portion of the micelle which is internalized (i.e., 
the nutrient). Using the program NIH-Image [3], area and 
density measurements were made of these spots. In addi- 
tion, serial dilutions of weighed bovine a-casein were 
electrophoresed and imaged in an attempt to correlate 
computer units with micrograms. 

2 Materials and methods 

2.1 Materials and analyses 
Human milk samples, from 2 to 8 mL, were collected in 
8 mL polypropylene tubes by mothers at home and held 
refrigerated. The samples were picked up by this lab and 
centrifuged in the collection tube at 3000 X g, at 10°C. 
The lipid formed a firm band at the top; it was removed 
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Figure 1. 2-D electrophoresis of a 10 pL human milk sample from a mother 8 weeks postpartum. 
The blot in Fig. 2 identifies areas that are casein. 

with a spatula and fractions were frozen at -80°C. Bovine 
a,-casein was purchased from Sigma (C6780; St. Louis, 
MO). Dilutions were made in 0.05 M Tris-HCI, pH 8.0, and 
solubilized as the human milk samples. Two-dimensional 
electrophoresis was performed using the Iso-Dalt method 
[4] with a pH gradient 3.5-10 (nonlinear) in the first di- 
mension (isoelectric focusing), and a 14 x 16 cm, 10- 
20% acrylamide gradient gel in the second dimension 
(SDS-PAGE). Samples were solubilized in 9 M urea, 4% 
NP-40. 2% carrier ampholytes (pH 3.5-lo), 1% dithio- 
erythritol (DTE). Silver staining was according to Morris- 
sey [5]. Western blot was according to Towbin et a/. [6]. 
Western blots were assayed with monoclonal antibody to 
casein (clone F20.14, Biogenesis, Sandown, NH) diluted 
1:750 in PBS-0.3% Tween for 1 h, washed 4 x 5 min with 
PBS-0.3% Tween, 37OC. incubated with appropriate sec- 
ond antibody horseradish peroxidase conjugate 1500 in 
PBS, 1 h, washed 4 x 5 min with PBS, and reacted with 
substrate TMblue (Moss, Pasadena, MD). Milk blots were 
also assayed with mouse anti-phosphothreonine and rab- 
bit anti-phosphoserine, Zymed (San Francisco, CA). 
Analysis was performed on a Macintosh computer using 

the public domain NIH Image program (developed at the 
US National Institutes of Health and available on the Inter- 
net at http://rsb.info.nih.gov/nihimage/). 

2.2 Computer imaging 

A slide was taken of each gel with a control grey scale 
(Kodak T-14) included, and then scanned into a Power 
Mac with a Polaroid Sprintscan and "saved in Photoshop 
3. Using IPTK 2.1 (Image Processing Tool Kit, Reindeer 
Games) a plug-in to Photoshop, the following steps were 
used to isolate two p-casein spots for measurement. Sev- 
eral duplicates of the image were made, and a histogram 
was looked at. The "histogram" produces a graph with the 
x-axis representing a grey scale from 0, darkest, to 256, 
lightest. The y-axis shows the number of pixels at each 
value. The mean and standard deviation are noted. A de- 
cision was made to consider values greater than 2 SD as 
background. Using that number "threshold was applied 
to one duplicate and then used as "mask for the other du- 
plicate. This step is a method of standardizing gels, i.e., 
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Figure 2. Western blot of a 10 pL human milk sample assayed with monoclonal antibody to casein. 
Casein is secreted as a micelle. Descriptions of subunits in the literature suggest the following identifica- 
tion of areas: 1, K-casein; 2, para-K-casein; 3, casein phosphopeptides/casomorphins; 4, y-casein (beta 
fragments); 5, p-casein isoforms. Arrows point to the 2 spots selected for quantitation. 

eliminating the differences in gel handling. The resulting 
image was saved (tiff) in the program NIH-Image. A mac- 
ro [7] in NIH-Image was used to measure area and inte- 
grated density (mean density x number of pixels) of spots 
selected with “density slice”. Mean density was calculated 
from a calibration of the Kodak scale using measured 
“step” values vs. the given “step” values and converting 
this from greyscale to optical density units using Rodbard, 
an equation which takes into account that the conversion 
is not linear. This equation is part of the NIH-image pro- 
gram. Data was exported to a StatView (Abacus) spread- 
sheet. 

3 Results and discussion 

A standard curve from bovine a-casein was generated 
with samples weighed and dissolved at 0.54.01 mg/mL, 
which, after solubilization and 10 pL sample load,yielded 
actual micrograms on gel from 1.67 to 0.03 pg. Imaging of 
a-casein at 5 mg/mL and 1 mg/mL indicated the a-casein 
spot was only 85% of the pattern, whereas, at the lower 

concentrations of the working range, these contaminants 
did not show. The concentration of the lower range was 
corrected to 1.42-0.025 pg, reflecting the correct percent 
of a-casein. Bovine a-casein was chosen as standard be- 
cause it gave a single spot, whereas bovine p-casein, 
probably because it is fully phosphorylated and commer- 
cia1 samples are from many cows, had a complex pattern. 
While human and bovine casein are almost identical in 
protein sequence, human casein does not have an a-iso- 
mer. Therefore, the standard may not be optimum. Com- 
mercial human casein is available and will be looked at in 
the future. The linear regression had a 0.998 correlation 
coefficient with 100 integrated density units equal to 
0.1 pg casein. 

Sample spot 26 kD had an integrated density range of 
17-1492 units. This was converted to concentration divid- 
ing by 100 units = 0.1 pg, giving a microgram range of 
0.02-1.49 pg with a mean 0.63 pg. Spot 24 kDa had a 
range of 39-940 or 0.04-0.94 pg with a mean of 0.36 pg. 
The mean ratio of spot 24 kDd26 kDa was 60%. For 18 
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Figure 3. Computer window showing "histogram" function; x-axis shows computer grey scale C-256 
(black to white) and y-axis indicates number of pixels at each level. Background of image was determined 
as pixels 2 SD from the mean; Yhreshold" was applied with that number. 

mothers, the 26 kDa spot was larger. For two mothers 
with the samples of lowest concentration, 24 kDa was 
larger than 26 kDa. Excluding these two mothers (4 sam- 
ples) the ratio is 50%. Each mother gave two samples 
(morning and evening). The morning sample was larger, 
but not significant using a paired T-test. A creamatocrit 
measurement had been taken for each sample. This 
measures the lipid content as a percentage of total vol- 
ume. A linear regression indicates no relationship be- 
tween protein concentration and lipid concentration. This 
agrees with all previous research, which indicates that the 
major milk components, lactose, lipid, and protein, are 
synthesized by separate mammary functions. The 4 sam- 
ples with the lowest concentration visually appear to rep- 
resent a casein synthesis problem, not only because of 
the low concentration, but because 24 kDa area is larger 
than 26 kDa, the opposite of other samples. Statistical 
analysis of frequency distribution does not indicate that 
the low concentration of these samples is statistically sig- 
nificant. A Z-score histogram shows only the largest con- 
centration being greater than 2 SD from the mean. Ex- 
cluding the largest sample, all concentrations fall within 

2 SD. The relationship of measured spots to total casein 
concentration needs to be calculated. Measuring the en- 
tire casein pattern, particularly the kappa casein area, will 
be difficult. Kappa-casein is highly glycosylated and pres- 
ents as a diffuse area. A major 0-casein spot, other than 
the two which were analyzed, was absent in two samples, 
suggesting genetic influence, and the difficulty of compar- 
ison. 

4 Concluding remarks 
The program NIH-Image has many functions for isolating 
the "area of interest", which, in this instance, were done 
using IPTK software prior to importing the image. It has 
the important function of converting greyscale to optical 
density, the units that have a relationship to concentra- 
tion. The "density slice" function easily identifies satura- 
tion, a problem which has to be corrected by adjustment 
of 2-D parameters. It is a useful tool for quantifying 2-D 
gels. This data will be used to analyze information from a 
questionaire filled out by the mothers. 

Received September 1, 1998 
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Grus Analysis of tear protein patterns by a neural 
network as a diagnostical tool for the detection Augustin 
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of Mainz. Germany 

The electrophoretic patterns of tears from patients with dry-eye disease (n = 43) and 
from healthy subjects (n = 17) were analyzed by means of multivariate statistical meth- 
ods and an artificial neural network (ANN), following sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis (SDS-PAGE). From each electrophoretic pattern a data set 
was created, randomly divided into test (unknown samples) and training patterns 
(known samples), with ANN training by one of these sets. After training, the perform- 
ance of the ANN was checked by presenting the test data set to the ANN. Furthermore, 
the data was classified using multivariate analysis of discriminance. The groups were 
significantly different from each other ( P  c 0.05). The statistical procedure yielded 97% 
(known samples) and 71% (unknown samples) correct classifications. The ANN re- 
vealed 89% of correct classifications using the test set (unknown samples). The use of 
pruning algorithms (optimization procedure which automatically eliminates small 
weighted neurons) or genetic algorithms (optimization procedure which performs ge- 
netically induced changes of the neural net) resulted in a slight decrease of correct 
classifications compared to those of the nonoptimized neural network. The results re- 
veal significant differences between the two groups. Using the ANN we were able to 
classify the electrophoretic tear protein pattern for diagnostic purposes. 

Keywords: Tear proteins / Neural network / Dry-eye syndrome EL 3337 

1 Introduction 

The study of dry-eye syndrome is gaining in importance 
because of the high frequency of occurrence and the diffi- 
culties in treating the disease. Patients can have consid- 
erable discomfort with this syndrome. The National Eye 
Institute/lndustry Workshop adopted the following defini- 
tion of dry eye [3]. Dry eye is a disorder of the tear film 
due to tear deficiency or excessive tear evaporation which 
causes damage to the interpalpebral ocular surface and 
is associated with symptoms of ocular discomfort. Pa- 
tients suffering from dry-eye syndromes show several 
clinical signs resulting from aqueous, mucin or lipid defi- 
ciency. Those deficiencies can be caused by a large vari- 
ety of diseases such as Sjogren's syndrome. However, 
most patients do not suffer from other diseases [l, 21. 
Knowledge about tear deficiencies has increased during 
the last years [MI. On the other hand, the variety of 
symptoms and diseases associated with dry eyes compli- 
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cates the diagnosis and treatment of this disease. The 
clinical diagnosis of "dry-eye'' is commonly based on the 
patient's history, slit-lamp examination, determination of 
tear film break-up time (BUT), Schirmer's test and 
Schirmer's test with anesthesia, and the so-called basic 
secretory test (BST); however, there is only poor correla- 
tion between the different tests [9, 101. Recently, it was 
shown that the analysis of tear protein patterns based on 
digital image analysis of the electrophoretic patterns of 
tear proteins and subsequent multivariate statistical cal- 
culations can be a useful diagnostic tool for the detection 
of dry eyes [l 1). This technique has also been successful- 
ly used in myastenia gravis, Graves' disease, and experi- 
mental uveitis [12-151. 

In the present study a completely different approach for 
classification of the electrophoretic pattern was used: the 
artificial neural network (ANN). Furthermore, the efficacy 
of the ANN was compared to that of the multivariate anal- 
ysis. The design of ANNs began in the 1940s [16, 171. 
Neural networks are used in everyday life to make predic- 
tions and understand data in almost every field of human 
endeavor - investments, medicine, science, engineering, 
etc. We have demonstrated that neural networks are able 
to classify patterns of Western blots in autoimmune dis- 
eases [la, 191. Neural networks learn from experience, 
not from programming. They are fast, tolerant of imperfect 
data, and do not need formulas or rules. ANNs are able to 
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generalize and extract consistent features of patterns 
used to train them. The present study demonstrates that 
an ANN can be “trained to recognize the electrophoretic 
patterns of tear proteins from tears of patients suffering 
from dry-eye or from healthy subjects. Because the net- 
work can classify unknown patterns to known groups 
learned before, this technique could be a helpful diagnos- 
tic tool. 

F. H. Grus and A. J. Augustin 

2 Materials and methods 

2.1 Patients 
The tears were obtained from 60 patients, 43 patients 
with dry-eye symptoms (DRY) and 17 healthy subjects 
(CTRL). The tears were sampled using a 5 pL glass capil- 
lary. Then the tears (volume ‘v 5 pL) were stored at 
-2OOC until use. At the time of presentation the tear film 
BUT and the BST were performed. The initial clinical diag- 
nosis of “dry-eye’‘ was based on the EST value and the 
presence of subjective symptoms such as burning, for- 
eign body sensations, tearing, and “dryness” of the eyes: 
patients were categorized as “dry-eye’’ with a EST value 
2 10 mm/5’ plus subjective symptoms. 

2.2 Biochemical procedures 

Tear samples were centrifuged at 12 000 g for 3-5 min. 
Of each tear sample, 0.5 pL were diluted with 2.5 pL sam- 
ple buffer (62.5 mM Tris, pH 6.8, 5% v/v 2-mercaptoetha- 
nol, 10% w/v saccharose, 2% SDS. 0.005% bromophenol 
blue). The tear proteins were separated by SDS-PAGE 
on discontinuous slab gels ([20]; stacking gel: 125 mM 
Tris, pH 6.8, 0.1% w/v SDS, separating gel: 375 mM Tris, 
pH 8.8, 0.1% SDS; electrode buffer: 192 mM glycine, 
25 mM Tris, pH 8.3, 0.1% SDS, MultiGel-Long; Biometra 
Gottingen, Germany). Molecular weights were estimated 
using marker proteins (molecular weight standards “broad 
range”; Bio-Rad, Munich, Germany). The electrophoretic 
separations were stained using the standard Coomassie 
blue procedure [21]. 

2.3 Digital image analysis of electrophoretic 

Digital image analysis and evaluation of the densitometric 
data of the electrophoretic separations were performed 
by ScanPacKTM (Biometra, Gottingen, Germany) and 
have been described elsewhere [22-241. ScanPacK cre- 
ated densitometric data files for each electrophoretic lane 
(separation of one tear sample), which show the grey-in- 
tensity values (8-bit grey values) versus the Rf values (rel- 
ative mobility, x-axis). ScanPacK evaluated the height, 
area, molecular weight, Rf value, etc., of all peaks in this 

separations 

densitometric data file and also included a photographic- 
quality half-tone bitmap. From each densitometric data 
file, two vectors containing 50 variables were built. Each 
variable of each vector corresponds to an R, region (the 
Rf axis was broken into 50 classes; each variable of the 
vector represents 1/50 of the R, region between 0 and 1). 
First vector (ARVEC): For the Rf value of each electro- 
phoretic lane, the corresponding class of the 50-variables 
vector was determined. This class of the data vector was 
increased by the percent AUC (area under the curve) of 
this peak, which was calculated by ScanPacK. Thus, 
each variable of the data vector represents the percent 
area of the peaks of the electrophoretic lane at the corre- 
sponding R, region. Second vector (DENSVEC): For each 
class of this vector, the corresponding R, region was 
determined. For this particular Rf region, the average grey 
intensity of the electrophoretic lane was calculated. Thus, 
each variable of this vector contains the average grey in- 
tensity of this particular Rf region. Both data vectors were 
compiled into a database for subsequent calculations and 
each one was randomly divided in two subsets: the test 
(unknown data, not used in the calculation procedure) 
and the training set (known data, used in the calculation 
procedure). 

2.4 Calculation procedures 

2.4.1 Multivariate analysis of discriminance 
As described above, ScanPacK generated densitometric 
data files for each electrophoretic lane. Each data file was 
assigned to solely one of both predefined group: CTRL or 
DRY. Based on these data vectors created by ScanPacK, 
a multivariate analysis of discriminance was performed 
using the ARVEC. The analysis of discriminance can test 
the null-hypothesis that data vectors of the groups arise 
from a multivariate normally distributed population. The 
calculation procedures have been described in detail [ l  1, 
12, 25-27]. Figure 1 shows a synopsis of the calculation 
procedure. 

2.4.2 ANN 

The human brain is a complex biological network of hun- 
dreds of billions of specialized neurons. These neurons 
send information back and forth to each other through 
connections; the result is an intelligent being capable of 
learning, analysis, prediction, and recognition. Artificial 
neural networks are built from simulated neurons which 
mimick “real-life’’ neurons in the human brain. They are 
connected in the same way as the brain’s neurons and 
are able to learn in a similar manner [28]. The most widely 
used ANN model is the multiple layer feedforward net- 
work (MLFN) with the back-propagation training algo- 
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Figure 1. Synopsis of calculation procedure: scanning of SDS-PAGE, from each lane a densi- 
tograph was created. Each peak in the densitographs was quantified: (height, R, (relative mo- 
bility), area under curve. From each densitograph, two data vectors were built, presenting 
(i) the mean grey values for each 6, (ii) the areas under the curve of each peak at this particu- 
lar 6 position. These vectors were compiled into a database. Based on these, a multivariate 
analysis of discriminance (DA) was performed and the data were presented to the ANN. Both 
try to classify unknown samples for diagnostic purposes. 

rithm. This kind of network is typically formed by three lay- 
ers: the input layer receives information from the “external 
world; the output layer presents the results to the con- 
nected devices; a layer of hidden neurons is sandwiched 
between them. Networks are trained by presenting known 
samples to them. The network tries to change the function 
(weight) of each neuron until all training samples are clas- 
sified correctly. The procedure has been described in de- 
tail [ I l ,  181. In this study, the Brainmaker Software 
(MLFN; California Scientific Software, Nevada City, CA) 
was used. Both ARVEC and DENSVEC are presented to 
the network to be learned. The network used had 50 input 
neurons, one hidden layer, and two output neurons. 

To optimize the network, we tested two additonal ap- 
proaches: (i) pruning algorithms; pruning a network 
means that the ANN tries to eliminate some small weight- 
ed neurons (preferable in the hidden layer), whose influ- 
ence on the diagnostic decision is assumed to be negligi- 
ble. The ANN attempts to find those neurons that 
contribute least to the decision of the ANN. The decrease 
in the number of hidden neurons can increase the gener- 
alization capability of the ANN; (ii) genetic algorithms; we 
used the Genetic Training Option of the Brainmaker Soft- 

ware (GTO, California Scientific Software). This option 
tries to change the trained network by mimicking some 
“genetic” techniques such as changing or eliminating neu- 
rons via mutation or cross-overs. (ANN mutation: Instead 
of changing nucleic acids as in biology, the connections 
and weights of the hidden neurons were changed, e.g., 
some connections of the hidden neurons to other layers 
were lost, and others were introduced. ANN crossover re- 
quires two “parents”: it is implemented by taking some 
neurons from one “parent” network and some from an- 
other - previously built by mutation - to produce the 
“child network). After mutation, the new network is 
trained and tested, and if it performs better than its “pa- 
rent”, the “child is taken and becomes ”parent” for the 
next generation. 

3 Results 

Electrophoretic separation of all tear samples was per- 
formed. Figure 2 shows a typical densitograph of an elec- 
trophoretic lane from tears of the DRY group. The main 
peaks lactoferrin (LACT), albumin (ALB), tear-specific 
prealbumin (TSPA), and lysozyme (LYS) were detected 
and evaluated. Figure 3 shows the mean percent areas of 
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LYS, LACT, TSPA and ALB for the CTRL and DRY group. 
As in earlier studies, the analysis of discriminance re- 
vealed no statistical significant difference using only these 
main peaks. Using the ARVECs to perform the calculation 
(including all detected peaks), the analysis of discrimi- 
nance revealed a significant difference between both 
groups (p c 0.05). Figure 4 shows the canonical roots of 
the discriminance analysis demonstrating a good separa- 
tion between the samples of both groups in the discrimi- 
nant space. Trying to classify unknown samples for diag- 
nostic purposes, the statistical procedure yielded 97% 
and 71% correct results for known samples (ARVEC) and 
unknown samples, respectively. The ANN revealed 89% 
correct classifications using the test set (unknown sam- 
ples, ARVEC). The use of pruning algorithms (automatic 
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Figure 2. Densitograph and photograph of SDS-PAGE 
of tear proteins from the DRY group: 1, lactoferrin; 2, al- 
bumin and IgA heavy chain; 3, IgA alpha-chain; 4, tear- 
specific prealbumin (TSPA); 5, lysozyme. Grey values 
(scanner units) were plotted vs. I?, (relative mobility). 

elimination of small weighted neurons) or genetic algo- 
rithms (genetically induced changes of the neural net) 
resulted in a slight decrease of correct classifications 
compared to those of the nonoptimized neural network 
(ARVEC, pruning: 79%; genetic algorithms: 72% correct 
results). The ARVEC group was derived as described 
above from the areas under the curve of detected peaks 
in the densitographs. The DENSVEC group represents 
the average mean grey values of the raw densitographic 
data. Training the ANN using the DENSVEC, 88% of un- 
known samples were correctly classified. Using BST and 
BUT as additional variables, 93% of the results were 
good. As with ARVEC, there was no increase in classifi- 
cation results using the optimizing algorithms (genetic al- 
gorithms: 86%; Table l). 

4 Discussion 

The electrophoretic patterns of tear proteins of dry-eye 
patients and healthy controls were analyzed and classi- 
fied by means of conventional multivariate statistical tech- 
niques and by means of artificial neural networks. The 
main protein peaks, lactoferrin, lysozyme, tear-specific 
prealbumin, and albumin were detected and quantified by 
digital image analysis. As in an earlier study [ll], the dif- 
ferences between the peak areas in both groups were not 
significant. Using all peaks (ARVEC) detected simultane- 
ously in the multivariate procedure, a significant differ- 
ence of protein patterns between dry-eye patients and 
healthy controls was found. This underlines the impor- 
tance of using all peak information simultaneously, be- 
cause the separate analysis of each main peak resulted 
in no detectable significant difference. The difference 
found in the multivariate procedure can be used to classi- 
fy the electrophoretic patterns for diagnostic purposes. 

Figure 3. Mean percentage 
areas of the main peaks lyso- 
zyrne (LYS), lactoferrin (LACT), 
tear-specific prealbumin (TSPA), 
and albumin (ALE) for the CTRL 
(n = 17) and DRY groups 
(n = 43). 
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Flgure 4. The canonical root of the analysis of discriminance was plotted vs. the case 
number. (The analysis was based on ARVEC data). 

Table 1. Percentages of correct classifications of 
unknown samples using different methods 

% 

DA 71.4 
ANN-1 86 
ANNGEN 72 
ANNPRUN 79 
ANN-2 80 
ANN-2-EST 93 
ANN-2-GEN 86 

DA, analysis of discriminance 
ANN-1, artificial neural network based on data vectors 
containing the peak areas 
ANNGEN, ANN-1 optimized with genetics algorithms 
ANNPRUN, ANN-1 optimized by pruning algorithms 
ANN-2, artificial neural network based on densitographic 
raw data 
ANN-2-BST, ANN-2 including two additional variables 
(EST and BUT) 
ANN-2-GEN, ANN-2 changed by genetics algorithms 

To classify unknown patients, the neural network and the 
discriminance analysis have to Learn "known" patterns of 
patients with an a priori known group assignment. The ba- 
sic secretory test and the rose bengal staining test have 
several limitations in the grouping of dry-eye patients [29]. 
We used the BST in combination with subjective symp- 
toms as the best test for initial grouping of patients. Other 
clinical ELISA-based tests can only measure single pa- 
rameters such as lysozyme or lactoferrin. The advantage 
of the methods used in this study is to include simultane- 
ously all peaks found or even the raw data of the PAGE 

densitographs, be., the complete electrophoretic pattern. 
This gives the test more reliable information to decide 
whether a single patient suffers from dry-eye. In compari- 
son, in other tests the decision is based on solely one pa- 
rameter. 

The diagnostic advantages of our methods are demon- 
strated: Up to 93% of unknown patients were classified 
correctly. The use of statistical techniques resulted in an 
only 71% correct assignment. Thus, the neural network 
surpasses the traditional statistical technique. Further- 
more, the statistical techniques have the disadvantage of 
not being distribution-free. If the number of variables is 
high and some variables used are similar, the results of 
some complex matrix calculations required in discrimi- 
nance analysis can become unstable and therefore unreli- 
able. The neural networks do not assume normal distribu- 
tions and they are able to deal with even the most 
complex distributions, including multimodal distributions. 
Recently, several studies proved that neural networks 
can handle the classification of these data excellently [19, 
271. 

Furthermore, this study attempted to train the neural net- 
work using two kinds of data vectors: one constaining the 
corresponding peak areas of the densitograph (ARVEC), 
the other containing the mean raw data of each densito- 
graph. The neural network performed slightly beher using 
the raw data (DENSVEC). Thus, no additional steps, 
which may lead to errors such as peak detection and 
quantification, are required; the neural network can deal 
excellently with densitographic raw data to classify elec- 
trophoretic patterns of unknown patients. This makes the 
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method easy to handle and allows the procedure to be 
automated for routine diagnostic purposes. Additionally, 
presented with the raw data, the neural network “decides” 
itself which data is important for the analysis; no subjec- 
tive data reduction step is required before running the net- 
work. 

F. H. Grus and A. J. Augustin 

In this study, all network optimization techniques, e.g., 
pruning and genetics algorithms, failed; none could im- 
prove the performance or reliability of the net. Our method 
is able to automatically detect dry-eyes from the electro- 
phoretic patterns of patients. Thus, it can become an 
important tool in the diagnosis of dry-eyes. Further stud- 
ies have to prove the reliability of this test using a larger 
number of patients. In addition, those studies should pro- 
vide a confidence level for the decision of the neural net- 
work. 
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The anti-inflammatory proteins lipocortin-1 and Clara cell protein-16 (CC-16) were 
studied in two-dimensional gel electrophoresis (2-DE) protein patterns of human nasal 
lavage fluids (NLFs) and bronchoalveolar lavage fluids (BALFs). Seven forms of lipo- 
cortin-1 were detected with Western immunoblots: three isoforms with an apparently 
normal M, of 38 kDa and plof 5.9, 6.0 and 6.1, and four truncated variants with p//kDa 
6.0/36, 6.4/36, 7.0/33, and 7.4/34. Four 6 kDa isoforms of CC-16 were found with p l  
4.6, 4.8, 4.9, and 5.2. Lipocortin-1 and CC-16 were expressed in all individuals tested 
although not all variants were found in each individual. The overall levels of lipocortin-1 
were higher in BALF than NLF and there were significant differences in the distribution 
of the different lipocortin-1 forms between BALFs and NLFs. One patient with occupa- 
tional asthma and four children with rhinitis had increased levels of one of the truncated 
lipocortin-1 forms in NLF (p//kDa: 7.4/34) and decreased levels of the major CC-16 
form (p//kDa: 4.8/6). The levels of CC-16 but not of lipocortin-1 were higher in BALF 
from smokers than from nonsmokers. These results indicate that the levels of lipocor- 
tin-1 and CC-16 in NLF and BALF may be altered in inflammatory airway disorders. 
Furthermore, the identification of different forms of the two proteins makes possible 
more detailed studies on the role of these proteins in inflammatory disease processes 
and anti-inflammatory therapies. 

Keywords: Lipocortin-1 / Clara cell protein-16 / Nasal lavage fluid / Bronchoalveolar lavage fluid / 
Two-dimensional gel electrophoresis EL 3335 

1 Introduction 

Lipocortin-1 and Clara cell protein-16 (CC-16) are two an- 
ti-inflammatory proteins found in human bronchoalveolar 
lavage fluid (BALF) [ l  , 21. The proteins, although differ- 
ent, appear to have structural similarities as both show 
amino acid sequence homology to the steroid-inducible 
protein, uteroglobin [3, 41. Recombinant lipocortin-1 has 
been demonstrated to have anti-inflammatory properties 
in vivo, and both lipocortin-l and CC-16 have been pro- 
posed to function as natural regulators of inflammatory re- 
actions (2, 51. The precise nature of the anti-inflammatory 

[2, 5-81, Lipocortin-1 was first described as a protein re- 
leased from inflammatory cells in response to steroid 
treatment [9]. Later it was shown to belong to a family of 
intracellular calcium-phospholipid binding proteins (lipo- 
cortins/annexins/calpactins) [lo]. Increased levels of lipo- 
cortin-1 have been demonstrated in BALF of patients after 
glucocorticoid treatment [ l  , 111 and increased proteolytic 
degradation of the protein has been suggested to be of 
importance in different lung diseases [12, 131. CC-16 (al- 
so described as CC-10) was first discovered as the hu- 
man counterpart of rabbit uteroglobin [4]. The CC-16 
gene has been linked to the atopy region of chromosome 

effects are unclear but direct or indirect inhibition of the 
pro-inflammatory enzyme phospholipase A2 are possible 
mechanisms that may be common to the two proteins 
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11 [14] and the CC-16 protein suggested as a potential 
marker of environmental toxic exposure [15]. The possi- 
bility to analyze different forms of lipocortin-1 and CC-16 
in BALF and nasal lavage fluid (NLF) may therefore have 
wide clinical applications. 

2-DE is today becoming more and more widely used, for 
instance to analyze protein patterns in various biological 
materials, to connect the genome to the "proteome", and 
to characterize post-translational modifications [16]. Us- 
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sure to noxious agents [17, 181. Recently, lipocortin-1 and 
CC-16 were included in the updated list of proteins identi- 
fied in 2-DE patterns of NLF and BALF [19]. In the present 
investigation, we used 2-DE and Western immunoblots to 
further investigate the expression of the two proteins in 
human NLF and BALF. A number of isoforms of both pro- 
teins were demonstrated and alterations in the isoform 
distribution were found in BALF from smokers and in NLF 
from subjects with asthma and allergic rhinitis. 

2 Materials and methods 

2.1 Samples 

Nasal lavage and bronchoalveolar lavage was carried out 
with the informed consent of the subjects and approved 
by the ethical committee of the Faculty of Health Scien- 
ces, University of Linkoping. NLFs were obtained from 
nine healthy individuals (nonsmokers) by 15 mL saline 
washings of the nasal mucosa performed by means of a 
modified "nasal pool" device (17, 201. NLFs were also col- 
lected from one individual with occupational asthma after 
exposure to methyltetrahydrophtalic anhydride and four 
children with allergic rhinitis. The asthma patient was first 
referred to the Department of Occupational Medicine and 
then to the Pulmonary Department at the University Hos- 
pital, Linkoping and diagnosed as having chronic airway 
obstruction with 60% of predicted FEV,, (forced expirato- 
ry volume in 1 s). The children were referred to the De- 
partment of Pediatrics at the University Hospital, Linkop- 
ing and tested for specific IgE against common allergens. 
All subjects tested positive against pet allergens (cat or 
dog) and grass pollen. BALFs were collected from nine 
healthy individuals (four nonsmokers and five smokers) 
by repeated 20 mL saline washings (100 mL total volume) 
with a flexible fiberoptic bronchoscope positioned in a 
subsegmental bronchus of the right middle or lower lobe 
[21]. The cell content was removed by centrifugation and 
the protein concentrations in the recovered NLFs and 
BALFs were determined with the Bio-Rad (Richmond, 
CA, USA) protein assay according to Bradford [22]. The 
protein concentrations ranged from 0.09 to 0.60 mg/mL in 
NLFs and from 0.22 to 1.22 mg/mL in BALFs. NLFs and 
BALFs were then prepared for 2-DE as described previ- 
ously (171. In order to concentrate the samples, yet avoid 
high salt concentrations, 2.5 mL of the samples were first 
desalted and then lyophilized and finally dissolved in 0.25 
mL of a urea solution suitable for the first dimension, ac- 
cording to Gorg (231. 

2.2 2-DE analysis 

2-DE was performed in a horizontal 2-DE setup (Multiphor 
from Pharmacia, Uppsala, Sweden) as described previ- 

ously [17], essentially according to Garg [23]. In the first 
dimension (isoelectric focusing) 15 pg proteinkample 
was applied on IPG strips (0.5 x 3 x 180 mm), containing 
lmmobilines giving a nonlinear pH gradient from 3-10 
(Pharmacia, Uppsala, Sweden). To assure a steady state, 
the focusing was performed overnight (45 000 Vh). The 
second dimension (SDS-PAGE) was carried out by trans- 
ferring the proteins to ExcelGel XL SDS 12-14 from Phar- 
macia (0.5 X 180 X 245 mm) or to gradient gels [24] cast 
on GelBond PAG film (0.5 x 180 x 245 mm, 11-18%T, 
1.5%C, 3 3 4 %  glycerol) running at 20-40 mA for about 
4 h. In both cases ExcelGel SDS buffer strips from Phar- 
macia were used. Separated proteins were detected by 
silver staining with a detection limit of 1-5 ng/spot [25]. 
lsoelectric points of the separated proteins were estimat- 
ed by running a mixture of p l  protein standards ('2D 
standards' excluding albumin: 4.5-8.5, Bio-Rad). Molecu- 
lar mass was determined by using M, standards in each 
run ('Broad range': 200-6.5, Bio-Rad). 

2.3 Evaluation of 2-DE patterns 

The protein patterns in the gels were analyzed as digi- 
tized images using a CCD camera (1 024 x 1024 pixels) in 
combination with a computerized imaging &bit system 
designed for evaluations of 2-DE patterns (Visage 4.6 
from Biolmage, Ann Arbor, MI, USA) [17, 181. The amount 
of protein in a spot was assessed as background-correct- 
ed optical density, integrated over all pixels in the spot 
and expressed as integrated optical density (IOD). In or- 
der to correct for differences in total silver stain intensity 
between different 2-DE images, the amounts of the lipo- 
cortin-1 and CC-16 forms were expressed as percentage 
of the lipocortin-1 spot IOD per total spot IOD of the sam- 
ple (YOlOD). The distribution of different forms was calcu- 
lated by dividing the IOD of one form with the XlOD of all 
the forms of the protein (%). 

2.4 Western immunoblots 

Lipocortin-1 and CC-16 were detected in the 2-DE pat- 
terns by Western immunoblotting. After equilibration in 
transfer buffer the gel was removed from its plastic bond- 
ing by a film remover (Pharmacia). The proteins were 
transferred in 25 mM Tris, 192 mM glycine and 20% v/v 
methanol [26] to a nitrocellulose membrane (0.45 pm: 
Bio-Rad) using semidry electrotransfer (Filtron, Bjiirred, 
Sweden or Pharmacia), 0.8 mA/cm2 for 1 h and the mem- 
brane was then allowed to dry overnight at room tempera- 
ture. The membrane was blocked with 3% w/v gelatin and 
then incubated with rabbit antibodies against lipocortin-1 , 
1:lOOO (provided by Dr. Jefferey L. Browning at Biogen 
Inc., Cambridge, Massachusetts, USA) [27] or CC-16, 



1:4000 (urine protein 1; Dako A/S, Glostrup, Denmark) 
[2]. Specific spots were detected by horseradish peroxi- 
dase (HRP)-labeled goat anti-rabbit antibodies (Bio-Rad) 
diluted 1 :20 000 (for CC-16) and 1 :40 000 (for lipocortin- 
l ) ,  and visualized by enhanced chemiluminescence 
(ECL-kit from Amersham, Bucks, UK) on X-ray film. In or- 
der to translate the results from the immunodetection to 
corresponding silver-stained spots on the gel, a limited 
area of the membrane containing protein of interest was 
cut out and incubated with antibodies. The remainder of 
the membrane was stained in total by incubating with bio- 
tin + HRP-avidin (Bio-Rad) and visualized by the ECL re- 
action or by staining with colloidal gold (Bio-Rad). Alterna- 
tively, the area of interest was cut out directly from the 
gel, removed from its plastic bonding and blotted to a 
membrane in a mini-cell wet blotter (Mini-Protean II, Bio- 
Rad). The remaining gel was silver stained. Thus with 
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both strategies, the protein spots could be localized in the 
2-DE pattern, matched with a corresponding silver-stain- 
ed gel and translated into the protein pattern. 

2.5 Statistical analysis 

The significance of the differences was calculated using a 
nonparametric test, Wilcoxon's rank sum test. 

3 Results 

3.1 Lipocortin-1 and CC-16 patterns in healthy 
individuals 

Seven different forms of lipocortin-1 and four forms of 
CC-16 were demonstrated in NLF and BALF of healthy in- 
dividuals (Fig. 1 and 2). Lipocortin-1 consisted of three 38 

Figure 1. Localization of the seven forms of lipocortin-1 (1-7) and four forms of CC-16 (I - IV) in NLF protein patterns. 
Proteins were separated by 2-DE and detected by silver staining. The figure is a scanned gel presented as an unmanipulat- 
ed image, except for overall contrast and light, using programs for graphic processing (Adobe Systems, San Jose, CA, 
USA, Photoshop 4.0 and PageMaker 6.5). 
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Figure 2. Localization of the seven forms of lipocortin-1 (1-7) and four forms of CC-16 (I - IV) in BALF protein patterns. 
Proteins were separated with 2-DE and detected by silver staining. Other conditions as in Fig. 1. 

kDa isoforms and four truncated variants with molecular 
masses from 36 to 33 kDa, while CC-16 was expressed 
as four acidic 6 kDa isoforms (Table 1). Both lipocortin-1 
and CC-16 were expressed in all individuals tested, al- 
though not all variants were found in all individuals (Table 
1). The overall levels of lipocortin-1 were higher ( p  < 
0.001) in BALF (0.31 f 0.13 YOlOD) than in NLF (0.08 f 
0.05 %lOD). In contrast to the other six forms, one lipo- 
cortin-1 form (pl/kDa: 7.0/33) was found in lower levels in 
BALF than in NLF (Fig. 3). The levels of CC-16 were the 
same in NLF and BALF. When comparing the BALF of 
smokers and nonsmokers, differences were found in CC- 
16, but not in lipocortin-1. The overall levels (%lOD) of 
CC-16 were about twofold higher in smokers (0.167 f 
0.081) than nonsmokers (0.074 f 0.048), and one form 
(pl 4.9) was about fourfold higher in smokers (0.036 f 
0.022) than nonsmokers (0.009 f 0.005; Fig. 4). In 
healthy individuals, 42 f 17% of lipocortin-1 in NLF was 
found as the truncated form. The corresponding value for 

BALF was 57 f 8%. Significant differences in the distribu- 
tion of different lipocortin-1 forms were found between 
BALFs and NLFs (Table 1). As for CC-16, one form 
(pl4.8) dominated over the others and constituted about 
80% of all CC-16 in NLF and 6&70% of all CC-16 in 
BALF (Table 1). The distribution of the different CC-16 
forms was essentially the same in NLF and BALF. 

3.2 Llpocortln-1 and CC-16 patterns In patlents 

In the NLF from the subjects with rhinitis, the distribution 
of different lipocortin-1 forms was altered (Table 2). Thus, 
one truncated form (pl 7.4; M, 34 kDa) was found at a 
larger proportion than in healthy individuals (p = 0.006), 
whereas the major form (pl6. l ;  M, 38 kDa) was found at 
a lesser proportion (p = 0.105). The same pattern was 
found in a patient with occupational asthma (Table 2). 
The levels (%IOD, mean f SD) of the truncated form of 

with allergic rhlnltls and asthma 
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lipocortin-1 was approximately twofold higher in the sub- 0.035). As for the distribution of CC-16 forms in NLF, 
jects with rhinitis (0.023 f 0.015) and in the subject with there were significant differences between healthy individ- 
asthma (0.022) than in healthy individuals (0.010 f uals and patients. Thus, the levels of the major CC-16 

Table 1. Distribution of different lipocortin-1 and CC-16 forms in human NLF and BALF 

spot NLF BALF 
No.a) p l  M, %b) nc) nc) pvalued) 

Lipocortin-1 
1 5.9 38000 4 f  2 919 8 f  4 919 0.019 
2 6.0 38000 4 f  3 819 4 f  4 719 ns') 
3 6.1 38000 5 0 f 1 5  919 3 2 f  8 919 0.007 
4 6.0 36000 1 f 1 919 9 f  7 419 < 0.001 
5 6.4 36000 8 f  8 919 3 8 f  10 819 < 0.001 
6 7.0 33000 1 8 f 1 1  419 2 f  5 919 0.002 
7 7.4 34000 1 5 f  3 919 7 f  3 919 0.002 
CC-16 
I 4.6 6 500 4 f 6 619 5 f  3 819 ns 
I1 4.8 6500 81 f 1 5  919 6 4 f 1 7  919 ns 
111 4.9 6500 l O f l O  719 1 7 f  7 919 ns 
IV 5.2 6 500 5 f  9 419 1 5 f 1 3  819 ns 

a) Numbers refer to Fig. 1, 2 
b) Percentage of total IOD of the protein (mean f SD) 
c) Number of individuals in which lipocortin-1 form or CC-16 form was found per number 

d) Wilcoxon's rank sum test 
e) ns, nonsignificant differences 

examined 

Figure 3. Levels of seven lipo- 
cortin-1 forms in NLF and BALF. 
NLF (open bars) and BALF 
(filled bars) from healthy individ- 
uals were analyzed with 2-DE. 
The values are mean f SD of 
%IOD of nine NLFs and nine 
BALFs; p values were calculat- 
ed with Wilcoxon's rank sum 
test. The figure also contains 
enlarged parts of NLF and BALF 
2-DE gels of two individuals il- 
lustrating the lipocortin-l pat- 
terns. Other conditions as in 
Fig. 1. 
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Figure 4. Levels of four CC-16 
forms in NLF and BALF. NLF 
from nonsmokers (open bars), 
BALF from nonsmokers (grey 
bars) and BALF from smokers 
(black bars) were analyzed with 
2-DE. The values are mean f 
SD of Y'IOD of nine NLFs, four 
BALFs from nonsmokers and 
five BALFs from smokers; p val- 
ues were calculated with Wil- 
coxon's rank sum test. The fig- 
ure also contains enlarged parts 
of NLF and BALF 2-DE gels of 
three individuals illustrating the 
CC-16 patterns. Other condi- 
tions as in Fig. 1. 

form (pl4.8; M, 6 kDa) were about 6- to 10-fold lower in kDa isoforms (pl 5.9, 6.0, and 6.1) and four truncated 
subjects with rhinitis and asthma, respectively, than in forms (pl/kDa: 6.0136, 6.4/36, 7.0/33, and 7.4134) of lipo- 
healthy individuals (Fig. 5). cortin-1 were found in both NLF and BALF 2-DE patterns. 

An M, of 38 kDa corresponds very well with the theoretical 
M, calculated on the basis of amino acid sequence data 
while the apparent p l  determined for the three 38 kDa 

4 Discussion 

Lipocortin-1 is an anti-inflammatory protein that is widely forms is more acidic than would be expected (SWISS- 
distributed, but particularly abundant in the lung [7]. PROT: //expasy.hcuge.ch/sprot/). There are numerous 
Possible cellular sources of BALF lipocortin-1 are inflam- co- and post-translation modifications that could induce 
matory cells, epithelial cells and tracheal gland cells [7, charge and mass shifts, explaining the presence of differ- 
281. Lipocortin-1 has not been analyzed in NLF before but ent lipocortin-1 forms. Glycosylations, acetylations, phos- 
it is reasonable to assume that epithelial cells in the nasal phorylations, and proteolytic truncations, preferentially at 
cavity are the most likely source. In this study three 38 the K or Cterminus, are common modifications of ex- 

Table 2. Distribution of two lipocottin-1 forms in NLF from healthy individuals, and subjects 
with rhinitis and asthma 

spot p l  M, % Controlsb) % Rhinitisc) % Asthmad) p valuee) 
(kDa) 

~~ ~~ ~ 

3 6.1 30 5 0 f 1 5  36 f 8 42 0.105 
7 7.4 34 1 5 f  3 2 4 f 4  25 0.006 

a) Numbers refer to Fig. 1, 2 
b) Percentage of total IOD of lipocortin-1, mean f SD of 9 individuals 
c) Percentage of total IOD of lipocottin-1, mean f SD of 4 subjects 
d) Percentage of total IOD of lipocortin-1, one subject 
e) Controls vs. rhinitis, Wilcoxon's rank sum test 
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tracellular proteins [29]. While glycosylation and acetyla- 
tion has not been described for lipocortin-1, both phos- 
phorylation [5] and truncation [12, 13, 281 appear to be 
important modifications of lung lipocortin-1. It can there- 
fore be hypothesized that the different forms may be de- 
rived from such modifications. To date, not more than two 
forms (one 37-38 kDa form and one truncated variant) 
have been separated and identified in extracellular fluids. 
Concerning cellular proteins, the only federated 2-DE da- 
tabase which contains lipocortin-1 is, to our knowledge, 
the human keratinocyte database (//biobase.dklcgi-bin/ 
celis). In this protein database, three 36 kDa isoforms 
(p/ 6.2, 6.3, and 6.6) were identified using immunoblots 
with the same antibody source as in our study (301. Trun- 
cated lipocortin-1 forms, at least in the airways, appear to 
exist both as intra- [28] and extracellular [13] proteins and 
it is unclear if some of the lipocortin-1 forms in the airways 
correspond to the three isoforms in keratinocytes. In hu- 
man melanoma lysates, a 34 kDa form, pl6.4, was sep- 
arated by 2-DE and identified with MS, sequencing, and 
immunoblotting [31]. 

As judged by the IOD values of both the silver-stained 
and the immunoblotted 2-DE images, about 50% of lipo- 
cortin-1 appears in truncated form. This is more than we 

Figure 5. Levels of four CC-16 
forms in NLF from healthy indi- 
viduals and subjects with aller- 
gic rhinitis and asthma. NLF 
from healthy individuals (open 
bars), rhinitis (grey bars) and 
asthma (black bars) were ana- 
lyzed with 2-DE. The values are 
mean f SD of %IOD of nine 
healthy individuals, four subjects 
with allergic rhinitis and one 
subject with asthma, p values 
were calculated with Wilcoxon's 
rank sum test. The figure also 
contains enlarged parts of NLF 
2-DE gels of three individuals 
illustrating the CC-16 patterns. 
Other conditions as in Fig. 1. 

(unpublished data) and others [13] have found in BALF 
when analyzing lipocortin-1 with SDS-PAGE. In these 
analyses the truncated lipocortin-1 appears in healthy 
subjects as a faint band containing 5 10% of the total 
amount. One advantage of 2-DE compared with running 
IEF and SDS-PAGE in separate electrophoretic settings 
is the increased resolution in the second dimension be- 
cause the proteins were previously separated by pl. lt is 
possible, therefore, that the discrepancy might be caused 
by difficulties in discriminating between the 38 and 
36 kDa forms when using only SDS-PAGE. 

The human CC-16 gene is expressed in airway epithelium 
[14) and large amounts of CC-16 have previously been 
found in BALF and sputum [2, 32, 331. Particularly Clara 
cells appear to be important producers of the CC-16 
found in BALF [34]. As CC-16 is also expressed by nonci- 
liated cells along the tracheobronchial epithelium [15], it is 
likely that similar cell types in the nasal cavity can pro- 
duce the CC-16 found in NLF. The p/ (4.65.2) and M, 
(6.5 kDa) found in our 2-DE patterns correspond with the- 
oretical calculations (p//kDa: 4.8/8) and previously pub- 
lished results [15, 351. CC-16 does not appear to be gly- 
cosylated [35]; as for lipocortin-1, however, there are 
several possible protein modifications that may explain 
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the four isoforms detected [29]. The protein is known both 
as CC-16 and CC-10 because it consists of an 8 kDa ho- 
modimer which migrates with an apparent Mr of about 10 
kDa in SDS-PAGE (4, 151. In some samples, especially 
older ones, we noted that a 16 kDa bandspot could also 
be detected. In separate experiments with SDS-PAGE 
this band disappeared when treating the samples with ad- 
ditional DTT. We therefore interpret this band as a dimer, 
noting the importance of maintaining sufficient reducing 
conditions. 

A common problem when using Western immonoblots to 
identify protein spots in 2-DE is that the antibodies used 
may be less specific than would be desirable. The lipocor- 
tin-1 antibodies used here were polyclonal antibodies pro- 
duced against human recombinant lipocortin-1 , highly 
specific for lipocortin-1 [l,  261, and we could not detect 
any spots other than the ones reported herein. The CC- 
16 antibodies were commercially available antibodies 
(Dakopatts, Glostrup, Denmark), originally produced 
against human urinary protein-1 that later was shown to 
be identical to CC-16 [33]. These antibodies have been 
used to study CC-16 in BALF in several investigations 
[2, 8, 321. In our Western blots additional bands with high- 
er M, were weakly stained. These bands, however, were 
largely removed by extensive washing after the primary 
and secondary antibody incubation steps, indicating that 
they were due to nonspecific binding of the antibodies to 
proteins other than CC-16. Interestingly, in NLF, but not in 
BALF, one additional rather strongly stained band with an 
apparent Mr of 20 kDa remained after washing. At present 
it is unclear if this protein is related to CC-16 or not. Alter- 
native methods such as amino acid sequence analysis or 
peptide "fingerprinting" using MS should be used to con- 
firm the identification made with the Western blotting tech- 
nique. 

When assessing the levels of lipocortin-1 and CC-16 we 
measured spot IOD of silver-stained gels according to a 
procedure used previously [17-191. The results obtained 
were also confirmed by assessing IOD of Western blots 
of a selective number of 2-DE gels and of samples ana- 
lyzed by SDS-PAGE. One advantage of analyzing the 
gels directly is that this is less time-consuming and more 
sensitive than measuring the IOD of Western blots. A 
problem is that silver staining is less linear than the blots. 
It is therefore possible that the differences in levels found 
in this investigation would have been even more pro- 
nounced using measurements of Western blots. For in- 
stance, the difference in CC-16 levels between the BALF 
of smokers and nonsmokers was about twofold higher 
when looking at Western blots. Remember, however, that 
the comparison of IOD between different forms of the pro- 

teins are based on the assumption that the different forms 
stained approximately equally well. 

In this study we found higher levels of CC-16 in the BALF 
of smokers than nonsmokers. This is in contrast with oth- 
er reports that have found lower levels of CC-16 in smok- 
ers [32, 361. As the same antibodies were used in these 
other studies as in our investigation, we have presently 
no clearcut explanation for this discrepancy. Two possibil- 
ities are differences in BALF procedures or too few indi- 
viduals studied in our investigation. Alternatively, the two 
other studies measured the CC-16 levels with immunoag- 
glutination assay [36] and ELISA (enzyme-linked immu- 
nosorbent assay] [32] and it is possible that binding of the 
antibodies to other proteins than CC-16 might have occur- 
red in these cases. 

The present study demonstrated changed distribution of 
lipocortin-1 forms and decreased levels of CC-16 in NLF 
from subjects with allergic rhinitis and asthma. Although 
these findings are based on only few individuals and so 
do not allow definite conclusions, the results are of con- 
siderable interest in view of the proposed function of lipo- 
cortin-1 and CC-16 as anti-inflammatory proteins in the 
airways [2, 51. It is thus possible that increased degrada- 
tion of lipocortin-1 and decreased levels of CC-16 may be 
of significance for the inflammatory process in asthma 
and rhinitis. Recently, increased degradation of lipocortin- 
1 from a 36 kDa to a 33 kDa band was found with SDS- 
PAGE in BALF from patients with cystic fibrosis [13]. Ex- 
perimental evidence suggested that this degradation was 
caused by neutrophil elastase and that the proteolytic 
cleavage greatly diminished the functional activity of lipo- 
cortin-1 , Future studies should therefore also include the 
possible correlation between the number of neutrophils 
and the levels of the truncated form of lipocortin-1. The 
CC-16 gene has been identified on chromosome 11 and 
subchromosomally localized to a region linked to atopy 
and the high-affinity immunoglobulin E receptor [ l  41. Our 
finding on subjects with allergic rhinitis is the first indica- 
tion on a protein level that decreased CC-16 expression 
in the airways may be connected to allergy. 

Both lipocortin-1 and CC-16 have been proposed to func- 
tion by inhibiting the proinflammatory enzyme phospholi- 
pase A2, thereby lowering the release of arachidonic acid 
and lysophospholipids, with a subsequently lesser forma- 
tion of inflammatory mediators such as leukotrienes, pros- 
taglandins and PAF (platelet activating factor) [-]. As 
increased phospholipase A2 activity has been found both 
in BALF and NLF from patients with allergic airway dis- 
eases [37, 381, this possibility is clearly worth considering. 
Both lipocortin-1 and CC-16 are also suggested to medi- 
ate anti-inflammatory effects of corticosteroids. In the 
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case of lipocortin-1, two investigations have shown that 
steroid treatment of human volunteers and patients in- 
creases the levels of the protein in BALF [l , 111, while evi- 
dence for such induction of CC-16 is still lacking in hu- 
mans [2]. 

In summary, the identification of different forms of lipocor- 
tin-1 and CC-16 in BALF and NLF 2-DE protein patterns 
opens the possibility to investigate, on a molecular level, 
the precise role of these proteins in airway inflammation 
and the effect of anti-inflammatory treatments. The 
changed lipocortin-1 and CC-16 patterns found in NLF 
from patients with rhinitis and asthma also draw attention 
to the possibility of using 2-DE to study novel inflammato- 
ry mechanisms before and after intra-nasal anti-inflam- 
matory treatments. Such therapies are today considered 
not only for treating rhinitis but also as a way to prevent 
the development of asthmatic conditions [3941]. The 2- 
DE characterization of anti-inflammatory proteins in NLF 
may therefore have wide clinical applications. 
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A two-dimensional electrophoresis database of rat 
heart proteins 

More than 3000 myocardial protein species of Wistar Kyoto rat, an important animal 
model, were separated by high-resolution two-dimensional gel electrophoresis (2-DE) 
and characterized in terms of isoelectric point (pl) and molecular mass (M,). Currently, 
the 2-DE database contains 64 identified proteins; forty-three were identified by pep- 
tide mass fingerprinting (PMF) using matrix-assisted laser desorption/ionization mass 
spectrometry (MALDI-MS), nine by exclusive comparison with other 2-DE heart protein 
databases, and in only 12 cases of 60 attempts Kterminal sequencing was successful. 
We used the Make2ddb software package downloaded from the ExPASy sewer for 
the construction of a rat myocardial 2-DE database. The Make2ddb package simplifies 
the creation of a new 2-DE database if the Melanie I1 software and a Sun workstation 
under Solaris are available. Our 2-DE database of rat heart proteins can be accessed 
at URL http://gelmatching.inf.fu-berlin.de/-pleiss/2d. 

Keywords: / Rat / Myocardial proteins / Two-dimensional electrophoresis database / Melanie II / 
Gel databases / World Wide Web EL 3331 

The rat heart is an important model in studying alterations 
of protein expression in myocardial diseases. High-reso- 
lution two-dimensional electrophoresis (2-DE) offers a 
powerful tool to investigate complex protein mixtures sep- 
arating up to 10 000 protein spots [l]. To store and to 
share this information, 2-DE databases were constructed 
following the concept of federated databases [2-91. In the 
past years protein species were commonly identified after 
2-DE separation by amino acid analysis [lo, 111, Edman 
degradation [12, 131, internal sequencing [14], mass 
spectrometry [15, 161, immunoblotting [17] and comigra- 
tion analysis of a known and unknown protein in 2-DE 
[18] shown here in a small selection of references. Here 
we compared both Edman degradation, which yields an 
exact Nterminal amino acid sequence, and MALDI-MS 
peptide mass fingerprinting (PMF), which results in better 
sequence coverage and higher sensitivity without the 
need to separate peptide mixtures. Using the Make2ddb 
software package we constructed our rat heart 2-DE data- 
base, allowing quick and full access to identified proteins 
including protein name, SWISS-PROT accession num- 
ber, MJpl values and links to other protein sequence and 
2-DE databases [ H I .  

Correspondence: Dr. P. R. Jungblut, Max-Planck-institute for 
Infection Biology. Monbijoustr. 2, D-10117 Berlin, Germany 
E-mail: jungblut@mpiib-beriin.mpg.de 
Fax: +49-30-28026611 

Abbreviation: PMF, peptide mass fingerprinting 

Rat myocardial proteins were separated by large-gel 2- 
DE (30 x 23 x 0.10 cm) as described by Klose and Ko- 
balz [ l ]  using ready-made gel solutions (WITA, Teltow, 
Germany). After pulverization in liquid nitrogen and dis- 
solving in six volumes of IEF sample buffer as described 
previously [19], rat heart samples were applied to the ano- 
dic side of the gel and focused within a vertical isoelectric 
focusing chamber at 8866 Vh. Molecular mass separation 
was performed in the second dimension using SDS- 
PAGE according to Laemmli [20] with 15% acrylamide 
gels. The stacking gel was replaced by the equilibrated fo- 
cusing gel. The master gel for computer analysis was 
stained with silver nitrate [21]. Proteins were either blotted 
onto PVDF membrane [22] and then analyzed by Ktermi- 
nal Edman degradation (PSQ1 sequencer; Shimadzu, 
Kyoto, Japan) [lo], or blotted onto nitrocellulose mem- 
brane and applied to PMF using MALDI-MS (VoyagerTM- 
Elite; Perseptive Biosystems, Framingham, MA, USA) af- 
ter tryptic digestion (Lamer et a/., in preparation; [23]). 
Proteins were identified by searches in different databas- 
es (SWISS-PROT.r35, NCBlnr.08.11.98, Genpept.rl07, 
dbEST.07.10.98) using MS-Fit (http://prospector.ucsf.e- 
du). 

Evaluation and processing of the 2-DE rat heart gels were 
performed by Melanie II gel analysis software. The gel im- 
age scanned on a desktop scanner and saved in tag im- 
age file format (TIFF) was imported to Melanie II. After 
spot detection and labeling of known protein spots with 
their SWISS-PROT accession number the gel map was 
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Figure 1. Standard 2-DE pattern of rat myocardial proteins. The gel size was 23 x 30 x 0.1 cm. Proteins were detected by 
silver nitrate staining. Calibration of isoelectric point and molecular mass was performed with theoretical values of identified 
proteins using Melanie II gel analysis software. Spots marked by numbers were identified. Spot numbers correspond to the 
spot numbers in Table 1. 
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Table 1. List of rat heart proteins identified in our 2-DE database 

Spot No. Database protein 
identification 

Label number of SWISS-PROT 2-DE gel Identification 
Melanie accession M, p l  methods 

number 

1 
2 
3 
4 

5 

6 
7 
8 

9 

10 

11 

12 
13 

14 
15 

16 

17 
18 
19 
20 

21 

22 

23 
24 

25 

26 

27 

28 
29 

30 
31 
32 
33 
34 

Albumin 
Albumin 
ATP synthase beta subunit 
ATP synthase alpha chain 
mitochondrial precursor 

ATP synthase alpha chain 
mitochondrial precursor 

Thiolase 
Creatine kinase, M chain 
Unknown protein from 2-D PAGE 
of heart tissue (spot P l l )  

Creatine kinase, sarcomeric 
mitochondrial 

Unknown protein from 2-D PAGE 
of heart tissue (spot P9) 

lsocitrate dehdrogenase 
(NADP) 

Creatine kinase, M chain 
Fructose-bisphosphate 

Actin 
Glyceraldehyde 3-phosphate 

Glyceraldehyde phosphate 

Malate dehydrogenase 
Malate dehydrogenase 
Tropomyosin 
Electron transfer flavorprotein 
alpha subunit precursor 

Probable peroxisomal enoyl 
hvdratase 

aldolase 

dehydrogenase 

dehydrogenase 

PO2770 
PO2770 
P19511 

P15999 

P15999 
P13437 
PO0564 
P11 

PO9605 
P9 

P56574 

PO0564 
PO5065 

PO3996 

PO4797 

PO4797 
PO4636 
PO4636 
PO4692 

P 1 3803 

Q62651 
Unknown protein from 2-D PAGE P5 

Troponin T P50453 
Enoyl-CoA hydratase, 
mitochondrial precursor P14604 

ATP synthase alpha subunit 
precursor P15999 

Glyceraldehyde phosphate 
dehydrogenase PO4797 

Unknown protein from 2-D PAGE P3 
of heart tissue (P3) 

Actin PO4270 
Ubiquinol-cytochrome c P20788 

of heart tissue (spot p5) 

reductase iron-sulfur subunit 
precursor 

Triosephosphate isomerase P48500 
ES1 protein (fragment) P56571 
Creatine kinase. M chain PO0564 
Myosin light chain 1 P16409 
Myosin light chain 1 P16409 

PO2770 
PO2770 
P19511 

P15999 

P15999 
P13437 
PO0564 
P56576 

PO9605 
P56575 

P56574 

PO0564 
PO5065 

PO3996 

PO4797 

PO4797 
PO4636 
PO4636 
PO4692 

P13803 

Q62651 
P56573 

P50453 

P 1 4604 

P15999 

PO4797 
P56572 

PO4270 
P20788 

P48500 
P56571 
PO0564 
P16409 
P16409 

68700 
69300 
52000 

51021 

48151 
42700 
41 900 
41 700 

41 800 
41800 

41 600 

40300 
39300 

42200 

35700 

34200 
33700 
33800 
33000 

31200 

30600 
29800 

27700 

28200 

26700 

27100 
27700 

26100 
25700 

24900 
24800 
24600 
23200 
23200 

6.1 
6.0 
4.9 

7.3 

7.8 
7.1 
8.3 
8.5 

8.7 
8.9 

9.0 

7.5 
9.0 

5.2 

8.4 

8.5 
8.9 
9.2 
4.6 

7.1 

6.8 
8.3 

4.9 

8.1 

7.8 

8.1 
8.3 

5.5 
7.8 

7.7 
8.9 
6.9 
5.0 
5.1 

Comparisona) 
Comparisona) 
PMF 

PMF 

PMF 
PMF 
Kterminal sequencing 
Nterminal sequencing 
Q(S/A)AREQG 

Nterminal sequencing 
Nterminal sequencing: 
QERRQSPE 
Nterminal sequencing: 
AEKRIKVEKKVVV 
PMF 
Nterminal sequencing 

Comparisona) 

PMF 

PMF 
PMF 
Nterminal sequencing 
PMF 

PMF 

PMF 
Nterminal sequencing: 
FQYDSQY D(G/P)F 
PMF 

Nterminal sequencing 

PMF 

PMF 
Nterminal sequencing 

PMF, comparisona) 
PMF 

PMF 
Nterminal sequencing 
PMF 
Comparisona) 
Comparisona) 
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Table 1. continued 

Spot No. Database protein 
identification 

Label number of SWISS-PROT 2-DE gel Identification 
Melanie accession M, p/ methods 

number 

35 

36 
37 

38 

39 

40 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 

57 
58 
59 
60 
61 
62 
63 

64 

Phosphatidylethanolamine- 
binding protein 

Actin (fragment) 
ATP synthase alpha chain 
mitochondrial precursor 

ATP synthase alpha chain 
mitochondria1 precursor 

ATP synthase alpha chain 
mitochondrial precursor 

ATP synthase alpha chain 
mitochondrial precursor 

Alpha crystallin B chain 
Superoxide dismutase 
Myosin light chain 2 
Myosin light chain 2 
Myosin light chain 1 
Myosin light chain 1 
Creatine kinase, M chain 
Myosin light chain 1 
Cu/Zn superoxide dismutase 
M yoglobin 
Myoglobin 
Hemoglobin beta chain 
Hemoglobin alpha chain 
Fatty acid binding protein 
Myosin light chain 2 
Transthyretin precursor 

Myosin heavy chain, fragment 
Myosin heavy chain, fragment 
Myosin heavy chain, fragment 
Myosin heavy chain, fragment 
Myosin heavy chain, fragment 
Myosin heavy chain, fragment 
'Acidic calcium-independent 

'Alpha B crystallin-related 

(Prealbumin) 

phospholipase A2 

protein 

P3 1044 
PO4270 

P15999 

P 1 5999 

P15999 

P15999 
P23928 
PO7895 
PO8733 
PO8733 
P16409 
P16409 
PO0564 
P 1 6409 
PO7632 
PO4248 
PO4248 
PO2091 
PO1 946 
P70623 
PO8733 
PO2767 

P80 
P31 
P6 1 
P123 
P124 
P120 

P122 

P14 

P31044 
PO4270 

P15999 

P15999 

P15999 

P15999 
P23928 
PO7895 
PO8733 
PO8733 
P16409 
P16409 
PO0564 
P16409 
PO7632 
PO4248 
PO4248 
PO2091 
PO1 946 
P70623 
PO8733 
PO2767 

21600 
21700 

22200 

22300 

22400 

22200 
2100 
22500 
19400 
19400 
19700 
19100 
18322 
14700 
15200 
14700 
14800 
12900 
13300 
12600 
9425 
13400 

44300 
31000 
16800 
92600 
88400 
38800 

23800 

191 00 

5.2 
5.4 

6.2 

6.3 

7.2 

6.7 
7.8 
8.8 
4.8 
4.9 
5.6 
5.4 
8.4 
5.6 
6.1 
8.1 
8.8 
9.1 
9.8 
5.8 
4.6 
6.2 

6.0 
6.0 
5.3 
5.0 
4.8 
6.2 

6.0 

6.4 

PMF 
PMF 

PMF 

PMF 

PMF 

PMF 
PMF 
Nterminal sequencing 
PMF 
PMF 
PMF 
PMF 
PMF 
PMF 
PMF 
Comparisona) 
Comparisona) 
Comparisona) 
Comparisona) 
PMF 
PMF 
PMF 

PMF 
PMF 
PMF 
PMF 
PMF 
PMF 

PMF 

PMF 

* The proteins with *were identified in NCBI instead of SWISS-PAOT 
a) Comparison with other 2-DE heart databases 

saved in Melanie format. In the next step the 2-DE rat 
heart database was established using the software pack- 
age Make2ddb (241 downloaded from the ExPASy server 
http://www.expasy.ch/ch2d/make2ddb.html. The hard- 
ware requirement for the Make2ddb software package is 
a Sun Microsystems workstation under the Solaris oper- 
ating system. Hoogland et a/. (241 describe its use in 
detail. 

More than 3000 protein spots were detected on the silver- 
stained 2-DE master gel. The standard 2-DE pattern was 
calibrated by the theoretical MAP/ values of identified pro- 
teins. In Fig. 1 the 2-DE master gel of rat myocardium is 
shown, including identified spots marked with spot num- 
bers according to Table 1. Sixty four of the protein spots 
subjected were identified. Only twelve of 60 protein spots 
which were subjected to Edman degradation were suc- 
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Figure 2. MALDI-MS spectrum of malate dehydrogenase after tryptic digestion. Fifteen peptide masses labeled with 
matched the theoretical digestion masses yielding 35% sequence coverage. The spectrum was obtained using the follow- 
ing settings during measurement at VoyagerTM-Elite: 20 000 V accelerating voltage, 70% grid voltage, 0.05% guide wire 
voltage; 100 ns delay; low mass gate, 500; laser power, 2000. 

cessfully N-terminally sequenced and have been identi- 
fied by database searches. Forty-three of 60 protein spots 
subjected to MALDI-MS were identified by PMF after tryp- 
tic digestion. In Fig. 2 a mass spectrum of malate dehy- 
drogenase is shown, yielding a sequence coverage of 
35%. Eleven mass peaks were matched, two of them oxi- 
dized at methionine residues of peptides m/z 705.5 
(KPGMTR) and m/z 1343.49 (FVFSLVDAMNGK). Be- 
sides methionine oxidation, artificial formation of pyroGlu 
caused by lyophilization was commonly observed in other 
PMF measurements. In most cases the theoretical protein 
mass was similar to the apparent M,. Additionally, nine 
protein spots were exclusively assigned by comparison 
with other 2-DE databases (HP-2DPAGE Database [7] at 
URL http://www.mdc-berlin.de/-emu/heart, HEART- 
2DPAGE [2, 61 at URL http://userpage.chemie.fu-ber- 
lin.de/-pleiss, HSC-2DPAGE [4, 81 at URL http:// 
www.harefield.nthames.nhs.uWnhlilprotein). The protein 
patterns of rat heart and human heart 2-DE images are 
highly similar. Thus, significant spots like myoglobin, he- 
moglobin, albumin, actin, and myosin light chain 1 were 

easily matched by their MJplvalues. Figure I shows a re- 
gion of many small protein spots between 60 kDa and 
100 kDa at about pl5.0, which also appears in the above- 
mentioned heart 2-DE databases. We identified two of 
these protein spots by PMF as myosin heavy chain, num- 
bered No. 60 and 61 in Table 1, suggesting that many of 
these spots also belong to the myosin heavy chain. 

For protein identification MALDI-MS PMF proved to be 
sensitive and rapid since 60 protein spots were investigat- 
ed within two weeks. When using PMF to identify pro- 
teins, it is recommended to search in all available protein 
sequence databases. Seventy-two percent of the sam- 
ples produced spectra from which proteins could be un- 
equivocally identified by at least 23% sequence coverage. 
The database searches considered a mass accuracy of 
f 0.25 Da, an M, window of 10-100 kDa and modifica- 
tions like oxidation of methionine, acetylation of the pro- 
tein Nterminus, and formation of pyroGlu by NH3 elimina- 
tion of Nterminal glutamine. In contrast, Kterminal 
sequencing is laborious and slow. Also, most of the pro- 
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RAT HEART-2DPAGE 

Two-dimensional polyacryIamidc gel elec&ophoresis database of 
ratheart 

Searching: 
. .  

0- 
0- 
0- 

Gateways to other related servers 

WORU)-2DPAGE - Indac to other Federated 2-D PAGE database 
BtpAsv - The molsculu biolopy sew= in Gencvr 

Nobia. 
The database was conrtructed using the MddUApackagefrom the 

WORLD - 20 PAGE. 
ThL database was built up in cooperation between 

Figure 3. Homepage of the 
RAT HEART-2DPAGE at 

._._._.__._______.__.I~._.__._..__.I_.I_..~___....__ URL http:///gelmatching.inf.fu- 
berlin. de/-pleiss/2d gener- 
ated by the Make2ddb soft- 

The database IS maintained by ’ Dr K -P Pleissner [ E - m a i l & u U k L & l  
Lprt nwd#cation. Au@ 1998 

-. - . .- . .- .-. . . . . .. . . -. - .. -. ... .. . . 

teins from 2-DE gels are Nterminally blocked or are be- 
low the detection sensitivity of N-terminal sequencers. 
Thus, Nterminal sequencing was only successful in 
12 cases of 60 investigated proteins. 

The 2-DE database was constructed on the basis of the 
64 identified protein spots. Figure 3 shows the homepage 
of RAT HEART-2DPAGE. The data are accessible by 
protein description, SWISS-PROT accession number, 
and by clickable images. The description contains de- 
tailed information about all identified spots and links to the 
related SWISS-PROT database and the rat heart 2-DE 
database at Harefield Science Center [8]. In some cases, 
however, proteins were only found in the NCBl sequence 
database and could not be linked to the SWISS-PROT 
database. 

Two prerequisites are evident for the creation of a 2-DE 
database using Make2ddb-software. (i) The package re- 
quires a Sun Microsystems workstation under the Solaris 
operating system; and (ii) the 2-DE map of the database 
has to be in the Melanie II format. Thus, the user has to 
consider the hardware requirements of the Make2ddb 
software and the usage of the Melanie II gel analysis soft- 
ware. It is possible to obtain the Melanie I1 software for 

- .. . .. ... ware. 

Unix computers by downloading it from the Bio-Rad serv- 
er URL http://www.bio.rad.com for an evaluation license 
limited for 30 days. A comprehensive user manual of Mel- 
anie I I  is directly available via Internet. Only four tools of 
Melanie II are relevant to the creation of a gel map for the 
database construction: (i) open a gel image, (ii) spot de- 
tection, (iii) labeling, and (iv) saving the image. In addition, 
the Landmark tool of Melanie II makes it possible to com- 
pute an approximated MJp/ value for any point in a gel. 
The database creation by Make2ddb software is per- 
formed in a fast and reliable way if one considers carefully 
the correct format of the database text file and the instal- 
lation instructions of the software package. The 2-DE da- 
tabase directory contains the gel map with labeled protein 
spots and the database text file ‘rat-heart.daV created by 
a text editor with the descriptive information of the labeled 
protein spots. The file name of the gel image has to be in 
coincidence with the map name in the ‘existingmaps’ file. 
If the directory structure of the Web server, 2-DE data- 
base, and Per1 interpreter is assigned correctly, the crea- 
tion of the database works without any problems. 

Currently our 2-DE database of rat heart proteins contains 
more than 3000 protein spots (Fig. l) ,  of which 64 pro- 
teins were identified by MALDI-MS PMF, N-terminal se- 
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quencing, and by comparison with other 2-DE databases. 
We used the Melanie II gel analysis software for process- 
ing and evaluation of our standard rat heart 2-DE gel and 
the software package Make2ddb system for the database 
creation. According to our experience, if the Melanie II 
system and a Sun workstation under Solaris are availa- 
ble, the establishment of a 2-DE database with Make2ddb 
is rapid and simple. Our 2-DE database will be continually 
updated when new proteins are identified. It is expected 
to be a useful tool for elucidating proteins associated with 
heart failure and heart disease. 
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Bovine dilated cardiomyopathy: Proteomic 
analysis of an animal model of human dilated 
cardiomyopathy 

Bovine hereditary dilated cardiomyopathy (bCMP) is endemic in Switzerland and 
hearts from diseased animals display important clinical and biochemical similarities to 
human DCM. Recent research has identified at least one protein (myoglobin) to be sig- 
nificantly reduced in bovine DCM. Using a proteomic approach, we have separated 
over 1125 protein species from bovine ventricular tissue. Gel analysis and protein 
characterisation have identified a number of proteins whose abundance is significantly 
altered in bovine DCM. Twenty-four proteins are of decreased abundance in diseased 
tissue, whilst 11 proteins are of increased abundance in the diseased state. A combi- 
nation of amino acid compositional analysis, peptide mass profiling, Nterminal micro- 
sequencing and Multildent (http://www.expasy.ch/sprot/multiident.html) has been em- 
ployed in order to elucidate the identities of the differentially expressed proteins. Using 
these techniques we have currently determined the identity of 12 of the 35 altered pro- 
teins. We have also detected three proteins that are differentially expressed in geno- 
typically diseased but phenotypically normal animals, identifying a possible mechanism 
for the onset of the disease. The possibility that inappropriate ubiquination of proteins 
plays an important role in the disease is discussed. A database of bovine proteins is 
currently being established. The identity of the proteins affected, together with a com- 
parison of the human and bovine expression patterns, is displayed. 

Keywords: Dilated cardiomyopathy / Bovine heart / Protein expression / Heart proteins / Proteo- 
mics EL 3371 

1 Introduction 

Dilated cardiomyopathy (DCM) in humans is a disease of 
unknown aetiology and is characterised by impaired sys- 
tolic function with reduced ejection fraction and increased 
end-systolic blood pressure as the heart adapts to main- 
tain a normal stroke volume [l]. To date, no specific diag- 
nostic marker for DCM has been found and the disease 
can be regarded as a syndrome in which a variety of fac- 
tors give rise to a common cardiac dysfunction. While a 
direct causal link has yet to be established, viral infec- 
tions, toxic agents, chronic alcohol abuse and genetic fac- 
tors have been implicated in the onset of the disease. A 
large number of qualitative and quantitative changes in 
cardiac proteins have been reported from both animal 
models [2, 31 and human disease samples [4], including 
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field, Middlesex, UB9 6JH, United Kingdom 
E-mail: mike.dunn @ harefield.nthames.nhs.uk 
Fax:+44-1895-828900 

Abbrevlatlons: CCMP, bovine hereditary dilated cardiomyop- 
athy; DCM, dilated cardiomyopathy; GD-PN, genotypic diseased 
phenotypic normal 

alterations in the levels of G proteins [5], adrenergic re- 
ceptors [6], calcium regulatory proteins [7-91 and contrac- 
tile proteins [lo, 111. Whilst these changes are clearly of 
importance in explaining the contractile dysfunction in fail- 
ing hearts, their relevance to the pathogenesis of DCM re- 
mains to be determined. We have recently attempted to 
address this problem by searching for global quantitative 
and qualitative changes in protein abundance in ventricu- 
lar tissue from patients with DCM compared with ischae- 
mic heart disease and undiseased tissue using two- 
dimensional electrophoresis (2-DE) 141. Using this proteo- 
mic approach we have demonstrated a number of quanti- 
tative alterations in protein abundance specific to the 
DCM heart of humans and a fully accessible database of 
human heart proteins (HSC-2DPAGE) has been estab- 
lished (http://www.harefield.nthames.nhs.uk/nhli/protein). 
Due to the limitations of studies using human tissues, fur- 
ther models of DCM have been developed, including idio- 
pathic DCM in turkey [I21 and bovine DCM [13-151. 
Whilst these studies are of value, they rely in the main 
upon a single defined trigger for disease onset, whereas 
DCM in humans is clearly of multifactorial origin. It is 
therefore apparent that the discovety of further animal 
models that better mirror human DCM will forward our 
understanding of the disease. 

From Genome to Proteome: Advances in the Practice and Application of Proteomics 
Edited by Michael J Dunn 

copyrigh 0 WILEY-VCH Verlag GmbH, 2000 
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Pharmalyte pH 3-10 (Pharmacia, Uppsala, Sweden). Af- 
ter vortexing for 30 s samples were centrifuged at 15 000 
rpm for 1 h and the resulting supernatants collected. Total 
homogenate protein concentration was measured in du- 
plicate using a modification of the method described by 
Bradford [l8]. Briefly, the BSA used for preparation of 
standard curves and the protein samples to be measured 
were made up to 10 pL with lysis buffer prior to the addi- 
tion of 10 pL of 0.1 M HCI and 80 pL H20. Bradford re- 
agent diluted 1 in 4 with H20 was added to a final volume 
of 3.5 mL and the protein concentrations were determined 
spectrophotometrically. 

In this study we use the techniques of proteomics to in- 
vestigate a bovine model of DCM, namely bovine heredi- 
tary cardiomyopathy (bCMP). Bovine hereditary dilated 
cardiomyopathy was first described by Tontis eta/. (1 990) 
[I31 and is endemic in Switzerland, occurring mainly in 
the Simmentaler x Red Holstein crossbreed of cattle. The 
disease occurs in 1- to 4-year-old cattle and progresses 
rapidly to global heart failure. Hearts from diseased ani- 
mals display important clinical and biochemical similari- 
ties to human DCM [15, 161. Recent research has identi- 
fied significant reductions in myoglobin from left ventricles 
of animals with bovine DCM [14] and it appears that bo- 
vine DCM could serve as a useful model of human DCM. 
As the disease is thought to be inherited in an autosomal- 
ly recessive fashion [17], it is possible to examine tissue 
from younger animals that are "genotypically diseased 
but show no signs of disease development (GD-PN ani- 
mals). Using 2-D gel electrophoresis, gel analysis, and 
protein characterisation, we have identified a number of 
proteins whose abundance is altered significantly in bo- 
vine DCM. We have also identified proteins that are differ- 
entially expressed in genotypically diseased but pheno- 
typically normal animals, identifying a possible mechan- 
ism for the onset of the disease. A database of bovine 
proteins is currently in development. The identity of the 
proteins affected, together with a comparison of the hu- 
man and bovine expression patterns, is presented. 

2 Materials and methods 

2.1 Animals and procurement of tissue 

Hearts from six untreated cattle (Simmentaler x Red Hol- 
stein) with end-stage bCMP (age 1.5-4.5 years, female) 
were used as the diseased group. All animals showed the 
characteristic clinical signs of heart failure with marked 
peripheral and pulmonary edema, ascites and cardiomeg- 
aly. Nonfailing control hearts were obtained from the local 
slaughterhouse in Hamburg ( n  = 6, age 1 5 4  years, fe- 
male). Hearts were rapidly removed within 2-4 min after 
killing of the animals and deblooded in ice-cold 0.9% NaCl 
solution. Tissue samples (2-4 g each) from the left ven- 
tricles were freed of fat and connective tissue, immediate- 
ly frozen in liquid nitrogen, and stored at -8OOC. 

2.2 Preparation of tissue samples 

All tissue samples were stored in liquid N2 prior to 
processing. The frozen tissue specimens (typically 0.2- 
0.4 g) were ground to a fine powder under liquid N2 using 
a mortar and pestle. The resulting powder was collected 
into 1.5 mL microcentrifuge tubes and homogenized us- 
ing a handheld homogenizer for 1 min in 1 mL lysis buffer, 
containing 9.5 M urea, 1 %  DTT, 2% CHAPS, and 0.8% 

2.3 Two-dimensional electrophoresis 

lsoelectric focusing (IEF) was performed using immobi- 
lized pH gradient (IPG) strips (Pharmacia), which had pH 
ranges of 4-7 (linear) and 3-10 (nonlinear). The solubi- 
lized protein sample was applied to the strips using an in- 
gel rehydration method, as described by Rabilloud eta/. 
[19] and Sanchez et a/. [20]. The samples were diluted 
with rehydration solution containing 8 M urea, 0.5% 
CHAPS, 0.2% DTT and 0.2% Pharmalyte pH 3-10 prior 
to rehydration overnight in a reswelling tray (Pharmacia). 
For analytical gels, total protein loaded was 100 pg in 
450 FL and preparative gels, 3 mg in 450 pL. The strips 
were focused at 0.05 mA/IPG strip for 60 kVh at 2OoC 
[21). After IEF the strips were equilibrated in 1.5 M Tris, 
pH 8.8, buffer containing 6 M urea, 30% glycerol, 2% SDS 
and 0.01% bromophenol blue, with the addition of 1% 
DTT for 15 min, followed by the same buffer with the addi- 
tion of 4.8% iodoacetamide for 15 min [22]. SDS-PAGE 
was performed using 12%T, 2.6%C separating polyacryl- 
amide gels without a stacking gel using a Hoefer DALT 
system (231. The second-dimension separation was car- 
ried out overnight at 20 mAlgel at 8OC and was stopped 
as the bromophenol blue dye front just left the bottom of 
the gels. 

2.4 Protein visualisation 

Analytical gels were fixed after electrophoresis for be- 
tween 40 min and overnight in 50% methanol, 10% acetic 
acid in glass dishes. Gels were silver-stained using the 
Daiichi 2-D Silver Staining Kit (Insight Biotechnology, 
Wembley, UK). Micropreparative gels were stained using 
0.1% colloidal Coomassie Brilliant Blue G-250 [24] in 2% 
phosphoric acid, 10% ammonium sulphate and 20% 
methanol. Gels were placed into covered glass dishes 
and adequate staining was achieved after 48 h. Gels were 
washed with distilled water to remove any surface-bound 
dye particles and either used immediately or placed indi- 
vidually in sealed plastic bags. 
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2.5 Densitometry and computer analysis 

All silver- and Coomassie-stained gels were scanned at 
100 pm resolution using a Molecular Dynamics Personal 
SI Laser Densitometer (Sunnyvale, CA, USA). Western 
blots were scanned using a GS-710 optically enhanced 
imaging densitometer (Bio-Rad, Richmond, CA, USA). 
Gels were analysed using Melanie II image analysis soft- 
ware [25, 261 running on a Sun Sparc Ultra I workstation. 
After detection of spots the gels were aligned, land- 
marked and matched. Gels were then placed into the ap- 
propriate experimental classes and differential analysis 
was performed as described [25]. All spots that differed 
between the classes by 50% or more and passed a Stu- 
dent T-test (p  < 0.05) were accepted as significant differ- 
ences. All gel spots detected as significantly different be- 
tween the groups were then highlighted and checked 
manually to eliminate any artefactual differences due to 
gel pattern distortions, abnormal silver staining and inap- 
propriately matched or badly detected spots. For simplici- 
ty the optical density values for each spot were averaged 
across each group compared in Table 1. 

2.6 Protein blotting 

Immediately after electrophoresis, micropreparative gels 
were equilibrated for 15 min in 50 mM Tris, 50 mM boric 
acid buffer, pH 8.5. Sernidry blotting of the gels onto 
PVDF membranes (FluoroTrans) was achieved using a 
Multiphor II Nova-Blot (Pharmacia) with a current of 
0.8 mNcm2 for 90 min. The blots were then stained using 
a 0.05% solution of Coomassie Brilliant Blue R-250 in 
50% methanol, 10% acetic acid. Blots were destained by 
washing for 2 x 5 min with 50% methanol, 10% acetic 
acid, followed by rinsing twice in double distilled H20. 
After drying between sheets of filter paper, blots were ei- 
ther used immediately or sealed individually in plastic 
bags for storage. 

2.7 N-terminal protein microsequencing 

Nterminal protein microsequencing was carried out as 
previously described [27]. Briefly, protein spots were ex- 
cised from the Coomassie-stained PVDF membranes af- 
ter Western blotting and destained in 50% v/v methanol. 
After drying, individual spots were sequenced using an 
ABI model 477A pulsed liquid protein sequencer 
equipped with an ABI model 120A PTH analyser. The se- 
quence data produced was used to search the OWL non- 
redundant protein sequence database [28] using the 
BLAST algorithm (http://www,seqnet.dl.ac.uk/dbsearch. 
html#BLAST). 

Table 1. Left ventricular proteins significantly altered in 

Spot number M,(103) p l  Diseased Control GD-PN 

bovine-dilated cardiomyopathya’ 

(n=6)  ( n = 6 )  (n=4)  

Proteins decreased in diseased left ventricle 
80 66 5.9 19.6 75 
333 49 6.1 89 184 
372 50 5.7 120 369 
379 46 6.2 11.4 24 
401 45 6.7 71 159 
428 44 6.5 31 54 
443 51 6.38 22 122 
538 37 5.7 14 28 
551 41.7 6.6 53 143 
556 36.5 5.9 35 61 
557 36 5.8 123 190 
574 35 6.3 100 158 
649 34.7 5.8 69 192 
658 32 5.4 27 80 
81 5 26.3 6.4 113 384 
831 26 5.2 164 292 
842 25 6 21 44 
854 24.7 5.1 86 176 
908 17 4.3 667 1275 
91 2 16 6.7 363 764 
91 9 15.4 6.8 295 71 8 
920 15 6.6 408 827 
924 15 6.6 1065 1664 
943 13 6.1 102 235 

68 
159 
458 
20.5 
175 
32 
117 
22 
123 
83 
226 
169 
182 
96 
278 
340 
35 
24 1 
1230 
447 
700 
833 
1789 
44 

Proteins increased in diseased left ventricle 
274 60 4.6 207 99 102 
279 54 5 357 132 160 
281 54 5.3 143 64,5 98 
327 56 5.7 365 157 125 
408 42 6 902 390 516 
71 2 31.8 6 195 41 46 
71 3 28 6.7 117 53 56 
749 28.7 5.8 102 31 27 
762 27.9 6.7 268 139 138 
794 26 6.1 814 204 333 
795 26.9 5.1 200 28 16 

a) Protein levels are mean values from silver-stained 
gels. Spot numbers refer to numbers in Fig. 1.  

2.8 MALDI-MS peptide mass fingerprintlng 

Protein spots were excised from 2-DE gels stained with 
colloidal Coomassie Brilliant Blue G-250, cut into 1 mm 
cubes, and destained by washing in 20 pL aliquots of 
50 mM ammonium bicarbonate in 30% v/v acetonitrile; this 
was repeated for 1 h (each time) until colourless. The 
samples were then dried in a centrifugal evaporator. 
Modified (methylated) porcine trypsin (Promega, Madi- 
son, WI, USA) was prepared as a stock solution in water 
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search the SWISS-PROT database using Multildent 
(http://www.expasy.ch/ch2d/multiident.html) using the 
same search parameters as for the individual searches 
above. 

(0.1 pg/pL). For digestion, 4 pL of trypsin solution were 
added to 21 pL Tris buffer (5 mM, pH 8.8, prepared fresh 
for each use) and added to the gel pieces before incuba- 
tion overnight at room temperature. Digestion was 
stopped by addition of 15 pL of 50% acetonitrile, 0.1% 
TFA. Tubes were then sonicated in a water bath for 
10 min to extract peptides immediately before spotting on- 
to MALDI targets. MALDI mass spectrometry was per- 
formed using a Voyager Elite mass spectrometer (PE Bio- 
systems, Framingham, MA, USA). Two microlitre aliquots 
of sample were spotted and dried onto the MALDI targets 
followed by addition and drying of 2 pL of matrix a-cyano- 
hydroxycinnamic acid, 4 mg/mL). Data were averaged for 
50 laser shots by delayed extraction in positive ion mode 
using the reflectron with an accelerator voltage of 21 kV. 
Peptide masses were used to search the SWISS-PROT 
protein database using the Peptidldent tool on ExPASy 
(http://www.expasy.ch/sprot/peptidident.html). Searching 
was performed using a mass uncertainty of fl Da and a 
molecular weight range of f 20% of the M, and f l  p l  unit 
determined from 2-DE, and the output consisted of a list 
of proteins ranked by a statistical score. 

2.9 Amino acid compositional analysis 

Amino acid analysis of PVDF-bound proteins was per- 
formed as described previously [29]. Single protein spots 
were excised from the PVDF membrane and hydrolysed 
in 6 M HCI at 112'C for 18 h using a Pico-Tag workstation 
(Waters, Watford, UK). Amino acid composition was 
determined using 9-fluorenylmethoxycarbonyl (Fmoc) 
precolumn derivatisation on a GBC Automated Amino- 
mate System (GBC Scientific Equipment, Dandenong, 
Victoria, Australia) [30] and chromatography performed 
using the method of Yan et a/. [16]. Percentage amino 
acid composition was determined for 16 recovered amino 
acids by comparing the pmol yield of each amino acid to 
the total pmol yield of all amino acids. Amino acid compo- 
sition and estimated M, and p l  from 2-DE for each protein 
were used to search the SWISS-PROT protein database 
(Release 35) using the programme AAComplD [31, 321 
accessed via the WWW (http:/NVWW.expasy.ch/ch2d/aa- 
compi.html). Searches were made using constellation 2 
(Cys, Gly, Trp not included) or constellation 4 (Cys, Lys, 
Trp not included) with windows of p l  f l  unit and M, 
+20%. Analyses were calibrated using a human serum al- 
bumin sample that had been hydrolysed, extracted and 
analysed at the same time as the other spots. 

2.10 Database searching using Multildent 

If searches using Peptidldent or AAComplD alone failed 
to identify the protein spots, peptide fingerprinting and 
amino acid analysis data were used, in combination, to 

3 Results 

3.1 Protein changes in left ventricle tissue 
Figure 1 shows the pattern of proteins from normal bovine 
left ventricular tissue separated by 2-D gel electrophore- 
sis using a linear IPG IEF gradient of pH 4-7. On average 
a total of 1125 protein spots was observed in normal ven- 
tricle patterns and 1191 protein spots were seen in dis- 
eased ventricle patterns. No significant difference in the 
total number of spots was observed in the GD-PN ven- 
tricles when compared to either the normal or diseased 
tissue. The patterns of protein separation were highly re- 
producible and did not differ significantly in at least three 
different separation runs. When the 2-DE patterns of pro- 
teins from the normal and diseased tissues are com- 
pared, it is clear that the expression of the vast majority 
(98%) of proteins remains unaltered. However, we have 
identified a group of 35 proteins, the abundance of which 
is significantly altered between normal and diseased ven- 
tricles. Of this group, the majority of spots (24) are of de- 
creased abundance in the ventricle of diseased animals 
(indicated in red in Fig. 1). Eleven protein spots were of 
increased abundance in diseased tissue (indicated in blue 
in Fig. 1). There were no spots that were unique to either 
the normal, diseased or GD-PN patterns. Two of the most 
striking alterations in protein abundance are highlighted in 
greater detail in Fig. 2 a, b. A summary of the spot num- 
ber, Mr, p l  and the abundance of each altered protein in 
both normal, diseased and GD-PM tissues is shown in 
Table 1 .  There does not appear to be any pattern in the 
distribution of the altered spots over the gels, and proteins 
of both high and low abundance are equally likely to be 
changed. The pattern of differential protein expression 
observed between normal and diseased tissue is con- 
served for the majority of spots (91Y0) when the diseased 
and GD-PN patterns are compared. In fact, the 2-0 PAGE 
patterns of normal and GD-PN tissue are almost identical. 
There are, however, three notable exceptions to this 
trend, namely spots 428, 912 and 943. These spots are of 
decreased abundance in both the diseased and the GD- 
PN patterns relative to the normal group. No other signifi- 
cant differences between the GD-PN and the normal pro- 
tein patterns were observed. 

3.2 Protein identification 

A combination of amino acid compositional analysis, pep- 
tide mass profiling, Nterminal microsequencing and Mul- 
tildent (http://www.expasy.ch/sprot/multiident.html) was 
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Figure 1. Standard pattern of expression of bovine left ventricle proteins separated by 2-DE using a linear pH 4-7 IPG 
strip in the first dimension. Proteins were detected by silver staining. Calibration of isoelectric point and molecular mass 
was performed using Melanie II and theoretical values from identified proteins. Spot numbers refer to numbers in Tables 1 
and 2. Spots showing significant (p  < 0.05) differences in disease compared to normals are highlighted. Spots coloured red 
are decreased in disease, spots coloured blue are increased in disease. 

used to elucidate the identities of the differentially ex- 
pressed proteins. Using these techniques we have cur- 
rently determined the identity of 12 of the 35 altered pro- 
teins. N-terminal microsequencing successfully identified 
five protein spots. Three proteins were Nterminally 
blocked and one sequence did not match any protein se- 
quence in publicly available databases. Six spots were 
identified using either amino acid compositional analysis, 

for identification. For the one protein identified using pep- 
tide mass profiling alone, 15 peptide matches were pro- 
duced using Peptideldent, with sequence coverage of 
45.8%. A summary of this data is shown in Table 2. For 
each spot number, the M,, p/  and protein identity is 
shown, together with the SWISS-PROT identifier of either 
the bovine protein or the closest homologue. The method 
of protein identification used and the alteration in disease 

Multildent or peptide mass profiling alone, while one spot 
required amino acid compositional analysis and Multildent 

is also shown in Table 2. A number of proteins that 
showed no difference in abundance between normal and 
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A 

Figure 2. Close-ups of areas of the gel shown in Fig. 1 showing a spot (a) increasing and (b) decreas- 
ing in disease compared to normal patterns. The upper set of (a) and (b) represents the spots in the 
diseased state. The identity of the protein in (a) is ubiquitin C-terminal hydrolase (spot 795). The pro- 
tein spot shown in (b) is a-I antiproteinase precursor (spot 372). 

diseased tissue were also identified. This data is not 
shown in this publication. Work is continuing to character- 
ise the remaining 23 differentially expressed proteins. 

cessful using any of the above techniques. This was due 
mainly to the low abundance of these proteins. 

4 Discussion Two of the most striking differences in protein abundance 
between diseased and normal tissue are seen with spots 
372 and 795. These spots were identified as a-1-antipro- 
teinase precursor protein and ubiquitin C-terminal trans- 
ferase, respectively. Both spots are highlighted in greater 
detail in Fig. 2 a, b. Unfortunately, identification of the 
three spots observed to decrease in both the diseased 
and GD-PN groups relative to normal groups was not suc- 

This study represents the first in-depth analysis of global 
protein alterations in any bovine tissue. Using a proteomic 
approach we have demonstrated that the abundance of a 
number of left ventricular proteins is significantly altered 
in bCMP. A combination of protein characterisation tech- 
niques has revealed the identities of a number of these 
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Table 2. Identification of left ventricular proteins significantly altered in bovine-dilated cardiomyopathy 

Spot M, p/ Consensus protein identity SWISS-PROT Identification Change 
number (lo3) identifier methoda) in diseaseb) 

80 66 5.9 
274 60 4.6 
327 56 5.7 
372 50 5.7 
379 49 6.2 
443 51 6.38 
551 41.7 6.6 
649 34.7 5.8 
712 31.8 6.0 
749 28.7 5.8 
795 26.8 5.1 
815 26.3 6.4 
854 24.7 5.1 
919 15.4 6.8 
920 15 6.6 
924 15 6.0 

Mitochondrial stress-70 protein precursor 
Alpha-1 -antiproteinase precursor 
Desrnin 
Alpha-1 -antiproteinase precursor 
Ubiquinol cytochrorne c reductase complex core protein 1 
lsovaleryl CoA dehydrogenase 
Ismitrate dehydrogenase 
Blocked 
Not identified 
Blocked 
Ubiquitin carboxyl terminal hydrolase 
Mitochondrial thioredoxin-dependent peroxide reductase 
Blocked 
Fatty acid binding protein, heart 
Cytochrome c oxidase polypeptide VA 
Fattv acid bindina Drotein, heart 

GR75-HUMAN 
A1 AT-BOVIN 
DESM-BOVIN 
Al AT-RABIT 
UCR1-BOVIN 
IVD-RAT 
IDHA-BOVIN 

UBL1-HUMAN 
TDXM-BOVIN 

FABH-BOVIN 
COXA-BOVIN 
FABH-BOVIN 

4 
4 
2 
1 
4 
1 
3 
4 
4 
4 
4 
4 
4 
1.3 
1 
1 

v 
A 
A 
v 
v 
v 
v 
v 
v 
A 
A 
v 
v 
v 
v 
v - .  

a) Key to protein identification methods: 1, amino acid compositional analysis; 2, peptide mass profiling; 3, Multildent 

b) V Decrease in disease; A increase in disease 
(http://www.expasy.ch/sprot/multiident. html); 4, N-terminal microsequencing, 

proteins and work to characterise the remaining proteins 
is currently underway. At least three proteins have been 
detected that are reduced in both the diseased and GD- 
PN hearts relative to the control group. 

4.1 Comparison of bCMP and normal protein 

Left ventricle tissue samples from a total of six animals 
showing the typical pathophysiological symptoms of 
bCMP at slaughter were compared with left ventricle tis- 
sue from six normal animals using 2-DE and computer- 
aided analysis of protein expression patterns. This ap- 
proach has identified significant changes in the levels of 
35 proteins in bCMP. Of these proteins a total of 24 were 
of decreased abundance and 11 were of increased abun- 
dance. When analysing the expression patterns using the 
Melanie II software, spots that differed between the 
groups by more than 50% were chosen. The actual de- 
gree of change between the spots, however, was often 
markedly greater than this. Examination of the results 
shown in Table 1 shows that only 9 of the 35 proteins 
showed less than 2-fold differences between the groups. 
Indeed, as is the case for 12 of the spots, these differen- 
ces approach or exceed 3-fold. The greatest differences 
are seen for spots 443, 712 and 795, which show chang- 
es of 5.5, 4.8- and 7.1-fold, respectively. 

expression 

4.2 Significance of the GD-PN group 

Careful analysis of the GD-PN patterns relative to the nor- 
mal and diseased groups has revealed that the over- 

whelming majority of proteins remain unchanged. How- 
ever, three spots have been identified that show identical 
changes to those seen in the disease group. These spots 
are of interest as they occur in animals that, whilst show- 
ing none of the symptoms of bCMP at the time of slaugh- 
ter, would presumably have gone on to develop the dis- 
ease in time. It is therefore tempting to suggest that the 
changes in abundance of these proteins may represent 
the initial biochemical abnormality which, through as yet 
undescribed mechanisms, leads to the gross changes in 
cardiac physiology and function seen in bCMP. As previ- 
ously mentioned, the current work has not yet yielded the 
identities of these proteins, due mainly to the low abun- 
dance of these proteins in 2-DE separations. Work to 
characterise these proteins by pooling multiple gels is on- 
going. As bCMP is a hereditary disease, thought to be in- 
herited in an autosomally recessive manner 1171, it may 
be possible to isolate a group of GD-PN cattle and follow 
the expression of ventricular proteins as the disease de- 
velops and progresses, using sequential biopsies. A con- 
trol group of normal cattle of the same age group would 
be required to eliminate any artefactual developmental 
changes in protein abundance. It would also be of interest 
to examine ventricular tissue by 2-DE techniques from 
the relatively small number of cases of human familial 
DCM that occur each year. 

4.3 Significance of protein alterations 

The majority of altered proteins identified to date in this 
study are of decreased abundance in diseased tissue. 
This is in agreement with previous animal [2, 31 and 



Proteomic analysis bovine dilated cardiomyopathy 325 

5 References 

[l] Dec, G. W.. Fuster, V.. New Engl. J. Med. 1994,331, 1564- 
1575. 

[21 Heinke. M. Y.. Wheeler, C. H., Chang, D.. Einstein, R., 
Drake-Holland, A., Dunn, M. J., dos Remedios. C. G., Nec- 
frophoresis 1998, 19, 2021-2030. 

[31 Whipple, G. H., Sheffield, L. T.. Woodman, E. G., Theophi- 
lis, E. G.. Freidman, S., New Engl. Cardiovasc. SOC. 1962, 
20, 39-43. 

[41 Corben, J. M., Why, H. J., Wheeler, C. H.. Richardson, 
P. J., Archard, L. C., Yacoub, M. H., Dunn, M. J., Nectro- 
phoresis 1998, 19,2031-2042. 

[5] Bohm, M., Gierschik, P., Jakobs, K. H., Pieske, B., Schna- 
bel, P., Ungerer. M., Erdmann, E., Circulation 1990, 82, 

[6] Steinfath, M.,, Lavicky, J., Schmitz, W., Scholz, H., Doring, 
V., Kalmar, P.. Eur. J. Clin. Pharmacol. 1992, 42,601-61 1 

[71 Rasmussen, R. P., Minobe, W., Bristow, M. R.. Biochem. 
Pharmacol. 1990, 39,691-696. 

[8] Mercadier, J. J., Lompre, A. M., Duc, P.. Boheler, K. R., 
Fraysse, J. B., Wisnewsky, C.. Alled, P. D., Komajda, M., 
Schwartz, K., J. Clin. Invest. 1990, 85, 305-309. 

[91 Arai, M., Alpert, N. R.. MacLennan, D. H.. Barton, P., 
Periasamy, M., Circ. Res. 1993, 72, 463-469. 

[lo] Schaub. M. C., Hirzel, H. O., Basic Res. Cardiol. 1987. 82 

[ll] Mercadier, J. J., Bouveret. P., Gorza, L., Schiafino. S., 
Clark, W. A., Zak, R.. Swynghedauw, B.. Schwartz, K., Circ. 
Res. 1983, 53,52-62. 

[121 Gwathmey, J. K.. Davidoff, A. J., Curr. Opin. Cardiol. 1993, 
8,48&495. 

[131 Tontis, A.. Zwahlen. R., Lobsiger, C., Luginbuhl, H., 
Schweiz. Arch. Tierheilk. 1990, 13.2, 105-116. 

[14] Weil, J., Eschenhagen, T., Magnussen, O., Mittmann, C., 
Orthey, E., Scholz. H., Schafer, H., Scholtysik. G.. J. Mol. 
Cell. Cardiol. 1997, 29, 743-751. 

[151 Eschenhagen, T., Deiderich, M.. Kluge, S. H., Magnussen, 
O., Mene, U., Muller, F.. Schmitz, W., Scholz, H., Well, J., 
Sent, U., Schaad, A., Scholatysik, G., Wuthrich. A.. Gaillard. 
C., J. Mol. Cell. Cardiol. 1995, 27, 357-370. 

1249-1265. 

SUppl. 2, 357-367. 

[I61 Tschudi. P., Martig. J.. J. Vet. Med. 1989, 36, 612-620. 
[17] Dolf. G.. Stricker, C., Tontis, A., Martig. J.. Gaillard. C., 

(181 Bradford, M. M., Anal. Biochem. 1976, 72, 248-254. 
[19] Rabilloud. T., Valette, C.. Lawrence, J. J., Nectrophoresis 

[201 Sanchez, J:C., Rouge, V.. Pisteur, M., Ravier, F., Tonella, 
L., Moosmayer. M., Wilkins, M. R., Hochstrasser, D. F., 
Nectrophoresis 1997, 18, 324-327. 

[211 Gorg, A.. Boguth, G., Obermaier, C., Posch, A,, Weiss. W., 
Electrophoresis 1995, 16, 1079-1 086. 

[22] Gorg, A., Postel, W., Weser. J., Gunther, S., Strahler, J. R., 
Hanash. S. M., Somerlot, L., Nectrophoresis 1987. 8, 

[23] Anderson, N. L., Two-Dimensional Electrophoresis: Opera- 
tion of the /SO-DALT System, Large Scale Biology Press, 
Washington DC 1988. 

[241 Neuhoff, V., Arold, N., Taube. D., Ehrhardt, W., Nectro- 
phoresis 1988, 9, 255-267. 

J. Anim. Sci 1998, 76,1824-1 829. 

1994, 15,1552-1558. 

122-1 24. 

human [4] studies. It has previously been suggested that 
increased proteolysis may at least in part be responsible 
for these findings. The role of calcium-activated neutral 
proteases (caspases) has been widely established in 
myopathies of skeletal muscle [33-371, although their 
function in cardiac myopathies has yet to be determined. 
The greatest alteration in protein abundance found in this 
study is that of the enzyme ubiquitin Cterminal hydrolase. 
which is increased by over 7-fold in diseased ventricles. 
This enzyme is thought to release free ubiquitin from 
poly-ubiquinated proteins, thereby increasing the pool of 
free ubiquitin in the cytoplasm. It is possible that such a 
large increase in ubiquitin C-terminal hydrolase could in- 
crease the cellular concentration of ubiquitin to such an 
extent that inappropriate ubiquination of proteins occurs, 
leading to the subsequent proteolysis of such proteins by 
the 26s proteasome [38, 391. Indeed. it has recently been 
suggested that inappropriate ubiquination of proteins may 
have a contributory role in the development of heart fail- 
ure [40]. The dramatic increase in ubiquitin C-terminal 
hydrolase demonstrated in this study represents the first 
experimental evidence that increased or inappropriate 
ubiquitin-directed proteolysis may contribute towards 
heart disease. 

Many of the proteins found to be altered in this study are 
found exclusively in the mitochondria. This is consistent 
with the suggestion that in congestive heart failure the 
myocardium is unable to provide enough energy to cope 
with the increased mechanical stresses [41]. Many mito- 
chondrial proteins were also found to be of lower abun- 
dance in the ventricles of dogs after pacing-induced heart 
failure [2]. Indeed, the levels of mitochondria1 isocitrate 
dehydrogenase were significantly lower in both this study 
and in the paced dog ventricle. 

4.4 Conclusion 

Bovine-dilated cardiomyopathy results in the altered 
abundance of a number of proteins in the left ventricle. 
The onset and progression of this disease may possibly 
be caused by increased proteolysis involving the ubiqui- 
tin-proteasome pathway. The identification of the remain- 
ing altered proteins will contribute to the understanding of 
the biochemical mechanisms in this disease and also 
DCM of the human heart. 
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Two-dimensional map of human brain proteins 

Samples of human brain from the parietal cortex lobe were analyzed by two-dimen- 
sional gel electrophoresis, using immobilized pH gradient strips covering the various 
pH regions. The protein spots were visualized with colloidal Coomassie blue stain and 
identified by matrix-assisted laser desorption/ionization mass spectrometry. Approxi- 
mately 400 spots were identified, corresponding to 180 different brain proteins. The list 
of identified proteins includes a large number of structural proteins and of enzymes or 
enzyme subunits with various catalytic activities. The majority of proteins are localized 
in the cytoplasma and in mitochondria. The two-dimensional map may be useful as a 
reference database to study changes in the protein level caused by various disorders, 
such as Alzheimer's disease, major depression and schizophrenia. 

Keywords: Brain / Two-dimensional electrophoresis / Protein map / Differential protein expres- 
EL 3345 sion I Matrix-assisted laser desorption/ionization mass spectrometry 

1 Introduction 

Two-dimensional (2-D) gel electrophoresis is a powerful 
tool for proteome analysis, providing us with valuable in- 
formation on differential protein expression. It finds wide 
application in clinical diagnosis to study protein expres- 
sion levels in healthy and diseased states [ l ,  21. Such 
studies can be facilitated by comparison with master gels 
of existing 2-D databases. Several partial 2-D databases 
are available today, including protein maps of human 
plasma [3], cerebrospinal fluid [4], platelets [5], liver [6], 
heart [7, 81, as well of various microorganisms, such as 
Escherichia coli 19, lo], Hemophilus influenzae [l l-171, 
Saccharomyces cerevisiae [l8, 191, Bacillus subtilis [20], 
and several cell lines. Most of the 2-D databases are 
available in an electronic form as well, for example from 
the ExPASy server, accessible via the WorldWideWeb 
(http://expasy.hcuge,ch/chZd/) 121, 221. The investigation 
of the protein expression levels in the brain of patients 
suffering from various diseases of the central nervous 
system, such as Down syndrome, Alzheimer's disease 
and schizophrenia, in comparison with the normal brain, 
can yield important information about the nature of the 
disorder. However, samples of human brain tissue are dif- 
ficult to obtain and to analyze. Therefore, except for a par- 
tial 2-D map for proteins from neuroblastoma cells [23], 
no database for brain proteins is available. In the present 
study, we tried to fill this gap by constructing a 2-D refer- 
ence map of human brain proteins, which may be useful 
in the investigation of neurological disorders. 

~ 
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2 Materials and methods 

2.1 Materials 
Immobilized pH gradient (IPG) strips were purchased 
from Amersham Pharmacia Biotechnology (Uppsala, 
Sweden). Acrylamide was obtained from Serva (Heidel- 
berg, Germany) and the other reagents for the polyacryl- 
amide gel preparation were from Bio-Rad (Hercules, CA, 
USA). Carrier ampholytes (Resolyte 3.5-10) were pur- 
chased from BDH Laboratory Supplies (Poole, UK). 
CHAPS and thiourea were from Sigma (St. Louis, MO, 
USA). Urea, dithioerythritol and EDTA were obtained from 
Merck (Darmstadt, Germany). The brain samples were 
previously characterized [24]. In short, postmortem brain 
samples were obtained from the MRC London Brain Bank 
for Neurodegenerative Diseases, Institute of Psychiatry. 
They were taken from parietal cortex of an aged control 
(63 years old) with no history of neurological or psychiatric 
illness. The cause of death was heart disease. Postmor- 
tem interval of brain dissection was 26 h. Tissue samples 
were stored at -7OOC and the freezing chain was never in- 
terrupted. 

2.2 Two-dimensional gel electrophoresis 

Brain tissue was suspended in 0.5 mL of sample buffer 
consisting of 40 mM Tris, 7 M urea, 2 M thiourea, 4% 
CHAPS, 10 mM 1,4-dithioerythritol, 1 mM EDTA and a 
mixture of protease inhibitors, 1 mM PMSF and 1 pg/mL 
of each pepstatin A, chymostatin, leupeptin and antipain. 
The suspension was sonicated for approximately 30 s 
and centrifuged at 10 000 x g for 10 min to sediment cell 
debris. The supernatant was centrifuged further at 
150 000 x g for 45 min to sediment undissolved material. 
The protein content in the supernatant was determined by 
the Coomassie blue method [25]. The protein concentra- 
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tion was approximately 8 mg/mL. 2-D gel electrophoresis 
was performed essentially as reported [26]. Samples of 
approximately 1.5 mg were applied on immobilized pH 
3-1 0 nonlinear or pH 4-7 and pH 6 1  1 linear gradient 
strips at both the basic and acidic ends of the strips. The 
proteins were focused at 300 V for 1 h, after which the 
voltage was gradually increased to 3500 V within 6 h. Fo- 
cusing was continued at 3500 V for 12 h and at 5000 V for 
24 h. The second-dimensional separation was performed 
on %l6% linear gradient polyacrylamide gels. After pro- 
tein fixing with 40% methanol containing 5% phosphoric 
acid for 12 h, the gels were stained with colloidal Coo- 
massie blue (Novex, San Diego, CA, USA) for 48 h. The 
molecular mass was determined by running standard pro- 
tein markers at the right side of selected gels. The size 
markers (Gibco, Basel, Switzerland) covered the range 
10-200 kDa. plvalues were used as given by the supplier 
of the IPG strips. The gels were destained with H20 and 
scanned in a Molecular Dynamics Personal densitometer. 
The images were processed using Photoshop (Adobe) 
and PowerPoint (Microsoft) software. Protein spots were 
quantified using the ImageMaster 20 Elite software 
(Amersham Pharmacia Biotechnology). 

2.3 MALDI-MS 

MALDI-MS analysis was performed as described [27] with 
minor modifications. Briefly, spots were excised, de- 
stained with 50% acetonitrile in 0.1 M ammonium bicar- 
bonate and dried in a Speedvac evaporator. The dried gel 
pieces were reswollen with 3 hL of 3 mM Tris-HCI, pH 8.8, 
containing 50 ng trypsin (Promega, Madison, WI, USA) or 
100 ng endoproteinase Lys-C (Wako, Neuss, Germany). 
After 15 min, 3 pL of H20 were added and left at room 
temperature for about 12 h. Two pL of 30% acetonitrile, 
containing 0.1 % trifluoroacetic acid, was added; the con- 
tent was vorlexed, centrifuged for 3 min and sonicated for 
5 min. One pL was applied onto the dried matrix spot. 
The matrix consisted of 15 mg nitrocellulose (Bio-Rad) 
and 20 mg a-cyano-4-hydroxycinnamic acid (Sigma) dis- 
solved in 1 mL acetone:isopropanol 1:l v/v. A 0.5 pL por- 
tion of the matrix solution was applied on the sample tar- 
get. The digest mixtures were analyzed in a time-of-flight 
PerSeptive Biosystems mass spectrometer (Voyager 
Elite, Cambridge, MA, USA) equipped with a reflectron. 
An accelerating voltage of 20 kV was used. Calibration 
was internal to the samples. The peptide masses were 
matched with the theoretical peptide masses of all pro- 
teins from all species of the SWISS-PROT database. For 
protein search, monoisotopic masses were used and a 
mass tolerance of 0.0075% was allowed. Missed cleav- 
age sites or unmatched peptides were not considered. 
The protein search was performed with in-house devel- 

oped software (U. Hobohm, unpublished results), which is 
similar to the Peptldent software on the ExPASy server 
(http://expasy. hcuge.ch/sproffpeptident. html). 

3 Results 

Human brain extracts from the parietal region of cortex 
were separated by 2-D gels and the protein spots were vi- 
sualized following staining with colloidal Coomassie blue. 
Figure 1 shows a representative example of separation 
by 2-D gels of brain proteins. The 2D ImageMaster soft- 
ware, following the staining with Coomassie blue, detect- 
ed approximately 1OOC-1500 protein spots per gel. The 
protein spots were analyzed by MALDI-MS, following in- 
gel digestion with trypsin or endoproteinase Lys-C. The 
peptide masses were matched with the theoretical pep- 
tide masses of all proteins from all species of the SWISS- 
PROT database. Approximately 180 proteins were identi- 
fied (Table 1 ) .  Table 1 gives the SWISS-PROT accession 
numbers, the abbreviated names and the full names of 
the proteins. It also includes the theoretical M, and p l  val- 
ues and the approximate observed values, deduced from 
the 2-D gel. The confidence of identification is indicated 
by the number of matching and total peptides and the pro- 
tein amino acid sequence coverage by the matching pep- 
tides. A minimal number of five matching peptides was 
used for protein search in the SWISS-PROT database. In 
most cases, a larger number of matching peptides was 
found (Table 1 ) .  Only in two cases, concerning proteins of 
low molecular mass, which usually deliver few peptides 
[16], the identification was based on four matching pep- 
tides. However, these were the major peptides and their 
amino acid sequence covered 35% or more of the se- 
quence of the identified proteins. In Fig. 1, the proteins 
identified are labeled with their SWISS-PROT accession 
numbers. The protein search considered members from 
all species and therefore certain proteins were identified 
from other species, as their human homologs were proba- 
bly not listed in the database. In many other cases, al- 
though a large number of peptides were recovered from 
the enzymatic digestion of the protein spots, probably suf- 
ficient for a confident identification, no protein could be 
assigned. This is most likely because neither the human 
nor a highly homologous counterpart from other species 
was included in the database. 

4 Discussion 

Two-dimensional electrophoresis is the principal ap- 
proach to study differential protein expression in disorders 
of the central nervous system. However, a reference map 
to start with was missing; therefore, we constructed a 2-D 
database of human brain proteins. The database includes 
approximately 180 brain proteins, identified on the basis 
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of peptide mass matching [28]. The introduction of inter- 
nal peptide standards to correct the measured peptide 
masses allowed the use of very narrow windows of mass 
tolerance (0.0075%) during protein search and this in- 
creased the confidence of identification. If the number of 
matching peptides is six or higher, out of a total of 20 pep- 

tides detected, the identification may be considered as 
unambiguous. Usually a high rate of homology among the 
corresponding proteins from the various mammalian spe- 
cies was observed. The inclusion of homologous mam- 
malian proteins in the protein search list additionally in- 
creases the confidence of identification. Figure 2 shows 
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an example of protein search, where all matching proteins 
are glial fibrillaty acidic protein from four mammalian spe- 
cies. For the human protein the highest number of match- 
ing peptides was detected. 

The identified proteins (Table 1). which are simultaneous- 
ly the major visible components of the brain tissue extract, 
can be classified into several groups. About 30 of them 
are structural proteins, such as tubulin chains, synaptoso- 
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Figure 1. Two-dimensional map of human brain proteins. The proteins from the parietal lobe of cortex of a 63-year-old 
male individual, who died from coronary artery occlusion, were extracted and separated on (A) pH 4-7, (B) pH 3-10 nonlin- 
ear and (C) pH 6-1 1 IPG strips, followed by 9-16% SDS-polyacrylamide gels, as stated in Section 2.2. The gels were stain- 
ed with Coomassie blue. The spots were analyzed by MALDI-MS. The proteins identified are designated with their SWISS- 
PROT accession numbers. The names of the proteins are listed in Table 1. 
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Table 1. Human brain proteins 
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Table 1. continued 
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Table 1. continued 

Proteins from the parietal region of cortex of human brain were extracted and separated by 2-D PAGE as stated under Sec- 
tion 2.2. The proteins were identified by MALDI-MS, following digestion with trypsin or endoproteinase Lys-C. The identified 
protein spots are indicated in Fig. 1 and are designated with their SWISS-PROT accession numbers. The theoretical and 
the approximate observed M, and p l  values, as well as the matching and total peptides and the protein amino acid se- 
quence coverage by the matching peptides are given. The amino acid sequence coverage provides an indication of confi- 
dence of identification. Usually the protein with the highest sequence coverage was selected. The column "Location" indi- 
cates in which part of Fig. 1 the corresponding protein spot can be found. 

Bovine 
9 Matches 
1 Random Hd 
25% Coverage 

11 17% coverage 

10 kDa , Peptide OUI of Peptide In mass range 
not found In pepllde map 

Peptide in mass range, 
found in peptide map ' L- mass range 

'ma1 proteins, neurofilaments and about 65 are enzymes 
or enzyme chains with a wide spectrum of catalytic activi- 
ties. Many of the strong spots at the basic region of Figure 
1B represent enzymes, mainly involved in sugar metabo- 
lism, such as glyceraldehyde 3-phosphate dehydrogen- 
ase (P04406), fructose-biphosphate aldolase (P04075), 
pyruvate kinase (P14618, P14786), phosphopyruvate hy- 
dratase (P06733) and many others. This can be attributed 
to the high levels of oxidative phosphorylation in brain tis- 
sue. The other classes comprise fewer proteins with vari- 
ous functions, such as heat-shock proteins (about 15, 
glucose-regulated proteins, T-complex protein chains), 
transporters, channels, cholesterol- and lipid-binding pro- 
teins, growth factors, enhancers, transcription factors, 

Flgure 2. Matching proteins ob- 
tained from a protein search in 
the SWISS-PROT database, af- 
ter introduction of the peptide 
masses determined by MALDI- 
MS derived from the tryptic di- 
gestion of a protein spot. All 
matches are glial fibrillary acidic 
proteins from mammals. The 
numbers of matching peptides 
for the protein from each spe- 
cies are indicated. The bars indi- 
cate the theoretical peptides of 
GFAP from each species gener- 
ated by tryptic digestion. The 
width of each bar is proportional 
to the peptide mass. Black bars 
indicate the peptides found. For 
the human protein a higher 
number of matching peptides 
and higher amino acid sequence 
coverage were assigned. 

efc.. Eleven proteins are brain-specific, including neuron- 
specific structural and regulatory proteins. Approximately 
one half of the identified proteins are localized in the cyto- 
plasma, one fourth in mitochondria, and one tenth in the 
nucleus (Fig. 3). For 46% of the proteins of Table 1, no in- 
formation concerning their cellular localization existed in 
the SWISS-PROT database. 

On the 2-D map, a large number of proteins are repre- 
sented by multiple spots, as for example the proteins 
P00367, P00938, P04406, P18669, Q16555. The multiple 
spots may be the result of phosphorylation. glycosylation 
or other post-translational modification; to date, however, 
we do not know the precise reason@) or biological signifi- 
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cance for the observed heterogeneities. Gel comparison 

revealed the presence of several minor, probably allelic, 
differences, mainly concerning the intensity of certain 
spots, when samples from the same brain region of other 
members of the control group were compared. Variations 
were observed, for example for tubulin chains, neurofila- 
ment proteins, enzyme chains and others. Differences 
were also observed in the 2-D maps of proteins from five 
brain regions of the same individual (frontal, parietal, tem- 
poral and occipital cortex and the cerebellum; data not 
shown). A more detailed description of the variations is in 
preparation. 

In summary, we constructed a 2-D reference map of hu- 
man brain proteins, including approximately 180 identified 
proteins. The major components represent structural pro- 
teins, heat-shock proteins, and enzymes with a wide 
spectrum of catalytic activities, and are mainly localized in 
the cytoplasma and mitochondria. To our knowledge, this 

is the first 2-D database of human brain proteins. 
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Two-dimensional polyacrylamide gel electrophoresis and mass spectrometry is a pow- 
erful combination for the separation of complex protein mixtures in biological samples 
and the subsequent identification of individual polypeptides. We have used this ap- 
proach to construct a database of proteins of the porcine cerebellum, with emphasis 
on membrane-bound proteins, as part of our studies on the structure and function of 
the central nervous system. We compared the ability of different solubilization condi- 
tions (using zwitterionic and nonionic detergents; urea and thiourea) to improve the 
resolution of high molecular weight and hydrophobic proteins, and found the combina- 
tion of 3-[(3-cholamidopropyI)dimethylammonio]-l-propane-sulfonate (CHAPS), Tris, 
thiourea and urea to give the best results in our experiments. As a marker membrane 
protein, the NR1 subunit of the Nmethyl o-aspartate receptor, a 120 kDa hydrophobic 
protein, was identified using a monoclonal antibody in combination with Western blot- 
ting. Sodium chloride treatment of the membrane preparation prior to solubilization 
caused further enrichment of membrane proteins. Fifty-six spots were identified using 
matrix-assisted laser desorption/ionization time-of-flight and nanoelectrospray mass 
spectrometry. 

Keywords: Membrane protein / Cerebellum / Two-dimensional polyacfylamide gel electrophore- 
sis I Matrix-assisted laser desorption / ionization -time of flight EL 3346 

1 Introduction 

The use of IPG strips for isoelectric focusing during 2-DE 
has significantly improved the reproducibility of 2-D gels 
[l-31. The strips permit loading of relative large amounts 
(micrograms or even milligrams) of protein, which makes 
subsequent identification of proteins easier [4, 51. How- 
ever, the selective loss of certain classes of proteins dur- 
ing conventional 2-DE is still a problem, membrane pro- 
teins normally being extensively under-represented. The 
low solubility of these hydrophobic proteins, especially 
those of high molecular weight, gives rise to protein ag- 
gregation, a major problem during sample application and 
IEF. Also, the identification of integral and peripheral 
membrane proteins by microsequencing techniques (Ed- 
man degradation, mass spectrometry) is a challenging 
task, mainly due to the small amount of protein available. 
Membrane proteins constitute a significant part of the 
cell's proteins. Key functions, such as the communication 

~ 
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of a cell with its environment, are largely dependent on 
membrane proteins like receptors and ion channels, 
which therefore are important drug targets. 

The aim of our study was to develop a protocol that allows 
us to monitor membrane proteins from the nervous sys- 
tem, and to generate a database over proteins present in 
the cerebellum. To date, few 2-D databases from neuro- 
nal tissues have been published [6-91, and to our knowl- 
edge there is no database of cerebellar proteins among 
them. We began our investigation on neuronal membrane 
proteins by applying different methods developed to im- 
prove the identification of hydrophobic proteins reported 
by Rabilloud et a/. [ lo, 111 to a membrane preparation 
from the cerebellum [12]. We tried to further enrich the 
content of membrane-associated proteins in the cerebel- 
lar membrane preparation before 2-D analysis by com- 
paring the effect of washing them with different agents 
(urea, Tris, NaCI). We chose the NR1 subunit of the 
Nmethyl 0-aspartate (NMDA) receptor [13, 141 (a ligand- 
gated ion channel) as a marker protein to follow the 
fate of large hydrophobic proteins because of its size 
(1 20 kDa) and hydrophobicity (three transmembrane do- 
mains). NR1 is relatively abundant in the cerebellum, and 
specific monoclonal antibodies are available. The results 
were monitored by 2-DE and one-dimensional gel electro- 
phoresis in combination with Western blotting or silver 
staining. 
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Protein identification was performed by mass spectrome- 
try. Several examples show the advantage of using mass 
spectrometry to achieve protein identification of 2-D gel- 
separated proteins 115-171. The high sensitivity of matrix- 
assisted laser desorptionhonization-time of flight (MALDI- 
TOF) [18] with delay extraction 1191 and electrospray- 
nanospray mass spectrometry (ES-MS) 120, 211 allows 
the determination of proteins present in mixtures in low 
amounts (picomole, ferntomoles), permitting identification 
of less abundant spots in the 2-D gels. For identification, 
proteins separated in 2-D gels were treated in situ with 
trypsin, the resulting peptide mixture was analyzed by 
MS, and the masses were compared with those theoreti- 
cally expected using sequence database searches. This 
allowed the assignment of identities to 56 out of 74 spots. 

2 Materials and methods 

2.1 Reagents 
The pH 3-10 linear IPG strips, pH 3-10 linear carrier am- 
pholyte IPG buffers and the equipment for running the 
IPG gels (Dry-Strip kit, Multiphor II; EPS 3500 XL power 
supply), gel cassettes, the gel caster and the multiple gel 
unit (Iso-Dalt) for the second dimension and blotting were 
from Amersham Pharmacia Biotech (Uppsala, Sweden), 
as were the ECL reagents. Thiourea was from Fluka 
(Buchs, Switzerland). NP-40, Triton X-1 00, Tween-20, 
caprylyl sulfobetaine (SB 3-10) were from Sigma (St. 
Louis, MO, USA). Urea, CHAPS, DTT, prestained molec- 
ular weight markers (high molecular weight range), one- 
dimensional precast 1OY0T Tris-glycine gels, as well as 
the Mini-Protean II system used for running and blotting 
these gels, were from Bio-Rad (Richmond, CA, USA). 
Peroxidase-conjugated rabbit anti-mouse immunoglobu- 
lins were from Dako A/S (Glostrup, Denmark). Purified 
mouse monoclonal antibody raised against the NR1 subu- 
nit of the NMDA receptor was from Pharmingen (San Die- 
go, CA, USA). Sequencing-grade trypsin for protein di- 
gestion was from Prornega (Madison, WI, USA), and 
siliconized Eppendorf tubes used in protein identification 
were from Axygen (Union City, CA, USA). For peptide pu- 
rification, PorosTM 50 R2 packing material from PerSep- 
tive Biosystems (Framingham, MA, USA) was used. The 
MALDI-TOF (Voyager-DE STR) and electrospray quadru- 
pole/orthogonal-acceleration time-of-flight (Q-TofTM) in- 
struments were from PerSeptive BioSystems and Micro- 
mass (Manchester, UK), respectively. 

2.2 Protein sample preparation 

2.2.1 Cerebellar membrane preparation 
Membrane preparation of pig cerebellum was performed 
as described [12]. The cerebellum from 6-month-old Pigg- 

ham pigs were used. The membrane preparation was 
stored at -80°C until use. Protein determination was per- 
formed using a modified Lowry protein assay adapted for 
use in microtiter plates [22] using bovine serum albumin 
as a standard. 

2.2.2 Enrichment in membrane proteins by salt 

Three pellets containing the same amount of cerebellum 
membrane preparation (around 3 mg each) were resus- 
pended in solutions containing 50 mM Tris-HCI, pH 7.6, or 
4.5 M urea in 1 mM Tris-HCI, pH 7.6, or 3 M NaCl in 1 r n M  

Tris-HCI, pH 7.6, respectively. The samples were incubat- 
ed for 30 min on ice and centrifugated at 100 000 gfor 60 
min at 4°C. The supernatants containing remaining solu- 
ble and peripheral proteins were discarded. The pellets 
were washed once more with 50 mM Tris-HCI, pH 7.6, 
and centrifugated at 100 000 g for another 60 min. The fi- 
nal pellets were then either directly solubilized and used 
for 2-DE or frozen in liquid nitrogen and stored at -8OOC. 

and urea wash 

2.3 Two-dimensional gel electrophoresis 

2.3.1 Sample preparation for isoelectric 

For isoelectric focusing we used the sample loading pro- 
cedure recommended for reswelling of the IPGs [23, 24). 
Individual 18 cm IPG strips, pH 3-10 linear, were rehy- 
drated in 400 pL of sample solubilized in rehydration buf- 
fer containing zwitterionic detergents (CHAPS), nonionic 
detergents (NP-40) or the nondetergent sulfobetain SB 
3-10 in the presence of urea or in a combination of urea 
and thiourea. Solubilization was performed for 30 min at 
30°C. The samples were then centrifuged for 5 min at 
12 000 rpm in a bench-top centrifuge to remove unsolubi- 
lized material, and the supernatant was loaded onto the 
IPGs for 2-DE analysis. We compared the efficiency in 
solubilizing the cerebellum high molecular weight proteins 
of four different rehydration buffers containing: (i) 8 M 

urea, 2% NP-40, 0.3% DTT, 2% carrier ampholytes; 
(ii) 7 M urea, 2 M thiourea, 4% NP-40, 0.3% DTT, 2% carri- 
er ampholytes; (iii) 5 M urea, 2 M thiourea, 2 % SB 3-10, 
0.3% DTT, 2% carrier ampholytes; (iv) 7 M urea, 2 M thio- 
urea, 4% CHAPS, 40 mM Tris, pH 9.6, 0.3% DTT, 2% car- 
rier ampholytes. Sample loading and rehydration were 
allowed to proceed at room temperature for 24 h to en- 
sure maximal diffusion of the proteins into the strips as 
previously described [23, 241. Depending on the purpose 
of the gel (analytical or micropreparative), different quanti- 
ties of proteins were loaded in the first dimension: 200- 
250 pg proteins for analytical and around 1 .O mg of pro- 
tein for micropreparative gels. The isoelectric focusing 

focusing 
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0.1-0.2 pg trypsin (typically 20 pL, 0.01 pg trypsin/pL) in 
25 mM ammonium carbonate, pH 8.0. When necessary, 
ammonium carbonate buffer was added until the gel sli- 
ces had recovered their original size; these were subse- 
quently incubated at 37OC overnight. The protein frag- 
ments were extracted with 1&20 pL (depending on the 
size of the gel piece) of 50-75% acetonitrile, 5% TFA for 
30 min. 

was done at 2OoC. The running conditions were 300 V for 
1 h, 500 V for 3 h and 3500 V until a total amount of 
90 000 Vh was reached. Focused strips were either stor- 
ed at -2OoC, or directly used for the second dimension. 

2.3.2 SDS-PAGE and gel staining 

After isoelectric focusing, the strips were equilibrated for 
15 min in a solution containing 65 mM DlT,  6 M urea, 30% 
glycerol, 2% SDS. 50 mM Tris-HCI, pH 8.8, and traces of 
bromophenol blue. A second equilibration step was also 
carried out for 15 min in the same solution except for 
DTT, which was replaced by 259 mM iodoacetamide for 
alkylation. For 2-DE, the IPG strips were loaded onto ver- 
tical SDS polyacrylamide gels (10%T, 2.1%C or 12.5%T, 
2.1%C; 1.5 mm thick) and sealed in place with 1% agar- 
ose. Migration was performed at 100 V for 20 h at 2OoC. 
After separation, the proteins were detected by silver 
stain for analytical gels (essentially as described [25] and 
modified [26]) by copper stain for mass spectrometric 
identification [27] or blotted onto PVDF membrane for im- 
munodetection [28]. Gels were scanned with a Scan Jet 
4C scanner (Hewlett Packard, Avondale, PA, USA) and 
images stored as TIFF (tag image file format) files. Match- 
ing of spots on preparative and analytical gels was done 
visually. 

2.4 lmmunoblotting 

One- and two-dimensional gels were blotted onto PVDF 
membranes essentially as described [28]. Transfer of 
high molecular weight membrane proteins was enhanced 
by including SDS and by lowering the amount of methanol 
in the transfer buffer (25 mM Tris, 190 mM glycine, 15% 
methanol, 0.05% SDS). lmmunodetection of NR1 was 
performed using monoclonal anti-NR1 antibodies and, as 
secondary antibodies, peroxidase-conjugated rabbit anti- 
mouse immunoglobulins. The result was visualized using 
the ECL reagents. The anti-NRl antibody detects a single 
band at a relative molecular mass of 120 kDa, which is 
consistent with the calculated molecular weight of the pro- 
tein. 

2.5 Protein identification 

Electrophoretically separated proteins were excised from 
the gel and analyzed (as described [29] and modified 
[26]). Briefly, gel slices were washed in water for 1 h and 
then in 30-40 acetonitrile, 25 mM ammonium carbo- 
nate, pH 8.0 (1-3 times, for approximately 20 min) in pre- 
siliconized Eppendorf tubes and dehydrated in a Speed- 
Vac vacuum-dryer (for approximately 30 min). The gel 
pieces were reswollen in a trypsin solution containing 

2.6 Mass spectrometry 

2.6.1 MALDI-TOF 

The peptide mixtures from the tryptic digests (0.5 pL 
each) were crystallized in a matrix consisting of 100 mM 
a-cyano-4-hydrocynnamic acid prepared in 0.1 % aque- 
ous TFA. Molecular weight information of the peptides 
was obtained by using a MALDI-TOF mass spectrometer 
(Voyager-DE STR; PerSeptive Biosystems) equipped 
with a nitrogen laser and operating in reflector/delay ex- 
traction mode. All MALDI-MS spectra were internally cali- 
brated using trypsin autodigestion peptides. 

2.6.2 Nanoelectrospray-MS 

The remaining peptide mixture from the extracted gel sli- 
ces were purified using Poros 50 R2 beads in small Ep- 
pendorf vials as described [26]. The purified peptide mix- 
ture was extracted from the Poros beads with 50% 
methanol, 5% formic acid and the solution was loaded in- 
to a nanospray needle. The needle was transferred to the 
nanospray ion source mounted on the 0-Tof mass spec- 
trometer (Micromass) and the sample analyzed by MS/ 
MS. 

2.7 Database searches 

The most abundant ions in the MALDI spectra were di- 
rectly used for database searches using the software de- 
veloped in the UCSF Mass Spectrometry Facility to match 
known proteins [29]. Peptides from digestion were identi- 
fied using the MS-Fit peptide mass fingerprinting search 
engine available on the Internet (http://prospector.ucsf. 
edu) to search genomic/proteomic databases as Gen- 
bank release 96 (http://www.ncbi.nlm.nih.gov/). The data- 
base search with MS-Fit was performed using the follow- 
ing values: all species, protein molecular mass range of 
10-250 kDa, trypsin digest (one missed cleavage al- 
lowed), cysteines modified by carbamidomethylation, 
mass tolerance 30 ppm, oxidation of methionines, and 
acetylation of N-terminus of the protein. Ten to 15 molec- 
ular ions derived from the same MALDI spectra were 
used for protein identification. Only those matches with 
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scores higher than 70% were considered in this study. 
Some proteins with uncertain identities were further ana- 
lyzed by nanoelectrospray MS to yield fragment ion-tag 
data. Database search with MS-Tag (http://prospector.- 
ucsf.edu) were performed in non-error mode using the fol- 
lowing values: all species, protein molecular mass range 
of 10-250 kDa, parent ion mass tolerance 1 Da, allowed 
fragment ions (type a, b, y, a-NH,, b-NH,, y-NH,, and b- 
H20) and internal ions (trypsin digest; only one missed 
cleavage allowed). 

3 Results and discussion 

3.1 Two-dimensional gels of cerebellar 

To test the potential advantages of different detergents 
and the chaotropic agents urea and thiourea in our sys- 
tem, equal amounts of cerebellar membrane preparation 
(3 mg protein) were solubilized in rehydration buffers con- 
taining different combinations of detergents and chaotrop- 
ic agents, as described in Section 2.3.1. For each rehy- 
dration buffer, we tested the time required for complete 
solubilization by incubating the samples for 30, 60 or 
90 min at 3OoC. No significant differences were found be- 
tween the three different incubation times and we con- 
cluded that 30 min are sufficient to achieve complete solu- 
bilization of the sample (data not shown). Two hundred 
and fifty hg of the cerebellar membrane preparations, dif- 

membrane preparations 

ferently solubilized, were then loaded onto pH 3-10 linear 
IPGs, and the protein mixture was separated by 2-DE as 
described above and detected by silver stain (see Fig. 1). 
When the extracts were solubilized in rehydration buffer 
containing NP-40 and urea, the resolution of gel spots, 
especially in the high molecular weight range, was quite 
poor (Fig. 1A). In contrast, when NP-40 was used in com- 
bination with urea plus thiourea, higher solubility and res- 
olution was achieved (Fig. 16). A similar effect was ob- 
sewed when NP-40 was substituted by the nonionic 
sulfobetain SB 3-10 (not shown). Pasquali eta/. [30] have 
shown that the addition of 40 mM Tris, pH 9.6, to a rehy- 
dration buffer containing CHAPS, urea, and thiourea im- 
proves the solubilization of high molecular weight pro- 
teins. We used this method to solubilize the cerebellar 
membrane preparation (Fig. 1C). Our data showed that, 
indeed, the majority of proteins was efficiently resolved, 
with a clear improvement in the higher portion of the gel. 

To monitor the presence of integral membrane proteins in 
our 2-DE system, we studied in detail the NR1 subunit of 
the NMDA receptor, a large hydrophobic protein present 
in the central nervous system. Cerebellar preparations 
were analyzed by immunoblotting by using a monoclonal 
antibody raised against the NR1 subunit. Interestingly, 
when the cerebellar proteins were solubilized in absence 
of thiourea (see Fig. 1A) and the proteins separated by 
2-DE, transferred to a PVDF membrane and immunos- 
tained, no immunoreaction was found (data not shown). 

Figure 1. Comparison of different solubilization conditions on porcine cerebellar membrane preparations by 2-DE. An 
equal amount of sample (250 pg) was solubilized in (A) 8 M urea, 2% NP-40, 2% pH 3-10 carrier ampholytes, 0.3% DTT; 
(B) 7 M urea, 2 M thiourea, 4% NP-40, 0.3% DTT, 2% pH 3-10 carrier ampholytes; (C) 7 M urea, 2 M thiourea, 4% CHAPS, 
40 mM Tris, pH 9.6,0.3% DTT, 2% pH 3-10 carrier ampholytes. The proteins were separated by their plon 3-10 linear IPG 
strips and by their molecular weight on 10%T SDS-PAGE, and detected by silver staining. The panels represent only a por- 
tion of the original gels, containing the most significant differences (pl3.5-9). Molecular weight markers are indicated on 
the left. 
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investigate if we could obtain an enrichment of large and 
integral membrane proteins in porcine cerebellum, the 
samples were treated with either 50 mM Tris-HCI, pH 7.6 
(weak wash), 4.5 M urea (strong wash), or 3 M NaCl 
(strong wash) prior to solubilization, and the results were 
compared by immunoblotting and 2-DE. Figure 3 shows 
an immunoblot of one-dimensional SDS-PAGE of cere- 
bellar membrane preparation after the three wash treat- 
ments described above. lmmunostaining was performed 
using the anti-NR1 antibody. A significantly stronger im- 
munoreaction was observed for the samples washed with 
a high concentration of urea and NaCl (Fig. 3, lane 2, 3) 
compared to the ones washed with 50 mM Tris-HCI (Fig. 
3, lane 1). The same amount of protein was loaded in 
each lane. These experiments, which were performed re- 
peatedly for different cerebellar membrane preparations, 
indicated a substantial enrichment in NRl (and likely in 
other membrane proteins), in particular after NaCl wash. 
The poor detection of membrane-bound proteins by 2-DE 
is due to an under-representation of these proteins, main- 
ly because of their low solubility, which causes protein ag- 
gregation during sample application and isoelectric focus- 
ing. An enrichment of membrane proteins in the sample is 
not sufficient per se to ensure an increased detection of 
this class of protein on the 2-D gels, but it is an alternative 
way to facilitate the study of membrane proteins. 

NRI NKI + ' ,I".". 

Figure 2. Detection of the NR1 subunit of the NMDA 
receptor from porcine cerebellar membrane preparation 
by Western blot on 2-DE. Cerebellar proteins separated 
by 2-DE were transferred onto a PVDF membrane for im- 
munostaining. lmmunodetection was performed by using 
a monoclonal antibody raised against the NR1 subunit of 
the NMDA receptor (1:lOOO). The arrow on the left side 
indicates the immunodetected spot, migrating at 120 kDa, 
in accordance with the predicted molecular weight of the 
NR1 subunit. On top of the same SDS-PAGE, 20 pg of 
solubilized cerebellum preparation was loaded separately 
and run in one dimension, as control (marked Co. in the 
figure). The arrow on the right side indicates an immuno- 
detected band, corresponding to the NR1 subunit in the 
control sample and migrating with the same molecular 
weight as the spot identified by 2-DE. 

However, after solubilization in presence of urea plus thio- 
urea (independently of the detergent used), a spot at 
about 120 kDa, corresponding to the NR1 subunit of the 
NMDA receptor, was detected (Fig. 2). This demonstrated 
that the use of different solubilization methods reveals dif- 
ferent protein populations, and that thiourea appeared to 
be a key factor for the detection of NR1 and probably for 
many other large hydrophobic proteins. In conclusion, 
best results were obtained when membranes were solubi- 
lized using CHAPS and Tris in combination with urea and 
thiourea, and these conditions were used in the following 
experiments. 

3.2 Enrichment of membrane proteins in 
porcine cerebellar preparations 

An alternative approach to facilitate the identification of 
proteins of low solubility (e.g., large or hydrophobic) or of 
low abundance is to enrich the samples before analysis. It 
is well known that treatment of subcellular fractions with 
urea or salt followed by ultracentrifugation is an effective 
method to remove soluble proteins and peripherally at- 
tached membrane proteins from biological samples. To 

To monitor the effects of NaCl wash on additional individ- 
ual proteins, we analyzed these samples by 2-DE (Fig. 4). 
A 50 mM Tris-HCI wash (see Fig. 4A) did not cause signifi- 
cant alterations on the protein pattern compared to the 
untreated samples (data not shown). Changes could be 
observed after 4.5 M urea (see Fig. 4b) or 3 M NaCl (see 
Fig. 4C) treatment. Several proteins that could be clearly 
visualized by silver staining after a Tris wash were re- 

I 2 3  - 
Flgure 3. Effect of urea and salt treatments on the cere- 
bellar membrane preparation monitored by Western blot. 
Cerebellar proteins (10 pg in each lane) were separated 
by one-dimensional SDS-PAGE and transferred onto a 
PVDF membrane. lmmunodetection was performed by 
using a monoclonal antibody raised against the NR1 
subunit of the NMDA receptor (1:lOOO). The arrow indi- 
cates the molecular mass of the immunodetected spot 
(120 kDa), consistent with the predicted molecular mass 
of the NR1 subunit. 
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duced after a uredNaCI wash (e.g., spots 4 and 5 in Fig. 
4). The protein in the circled area in Fig. 4A was identified 
as 0-tubuline, a soluble protein, and was significantly re- 
duced after the urea and NaCl wash (see Fig. 4B and C). 
Other protein spots became stronger (e.g., spots 13, 14, 
and 21 in Fig. 4), indicating that they are present in higher 
concentrations. These differences seemed to be protein- 
specific, as NaCl wash was affecting a partially different 
population of proteins than the urea wash (see spots 
marked with an asterisk in Fig. 4C). These observations 
suggest that NaCl and urea washes of membranes can 
be used to achieve enrichment of specific proteins (proba- 
bly integral membrane proteins) and to remove other pro- 
teins (probably soluble or peripheral membrane proteins). 
To investigate whether this conclusion is correct, we pro- 
ceeded to identify individual proteins by mass spectro- 
metric methods. Because of the significant enrichment of 
the NR1 subunit of the NMDA receptor after NaCl treat- 
ment (Fig. 3, lane 3), the following experiments were per- 
formed using this pretreatment. 

Flgure 4. Effects of urea and salt treatments 
on cerebellar membrane preparations visual- 
ized by silver staining of 2-DE gels. Two-hun- 
dred and fifty pg of sample was pretreated with 
(A) 50 mM Tris-HCI, pH 7.6; (B) 4.5 M urea in 
1 mM Tris-HCI, pH 7.6; or (C) 3 M NaCl in 1 mM 
Tris-HCI, pH 7.6, and analyzed by 2-DE. Sam- 
ples were then solubilized in 7 M urea, 2 M thio- 
urea, 4% CHAPS, 40 mM Tris, pH 9.6, 0.3% 
DlT, 2% pH 3-10 carrier ampholytes, and 
loaded on pH 3-10 linear IPG strips for iso- 
electric focusing. In the second dimension pro- 
teins were separated on 12.5%T SDS-PAGE 
and detected by silver staining. The panels 
represent only a portion of the original 2-D 
gels. Indicated with arrows are spots with re- 
duced (spot 4, 5 and circled area) or increased 
(spot 13, 14, 21) intensity. Spots marked with 
the asterisk (*) represent proteins that are spe- 
cifically affected by NaCl wash. Molecular 
weight markers are indicated in the first panel 
of the figure. Arrows with numbers indicate 
spots that have been identified by mass spec- 
trometry (see Table 1). 

3.3 Identification of cerebellar proteins from 
NaCI-washed fractions by mass 
spectrometry 

The presence of a number of integral membrane proteins 
in our system was unambiguously established by per- 
forming the same experiments as above at a preparative 
scale to identify them by mass spectrometry. In the last 
decade mass spectrometry has emerged as the method 
of choice for protein identification. This approach can be 
used mainly in two ways: peptide fingerprinting and pep- 
tide sequencing to obtain fragment ion-tag data [15]. For 
peptide fingerprinting, the protein is cleaved by specific 
proteases (usually trypsin) into peptides [15, 311. Molecu- 
lar masses of such peptides are determined normally by 
either MALDI-TOF or by ES-MS. This information is used 
to search protein databases for protein identification. A 
second way to achieve protein identification is to obtain 
partial or complete sequence information by analyzing 
fragmentation spectra of peptides by tandem mass spec- 
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Table 1. Proteins identified from 2-D gel of pig cerebellum 

Spot nurnber/Protein identification 
~ ________~ 

Species Molecular mass p l  Accessiona) 
P a )  

1. ATP synthase a subunit 
2. ATP synthase a subunit 
3. ATP synthase a subunit 
4. Elongation factor tu 
5. Elongation factur tu 
6. Tubulin P-chain 
7. Synaptojanin isoform beta lipid phosphatase 
8. Glutamate receptor (GIuR6)') 
9. NADH dehydrogenase precursor 75 kDa subunit #) 

10. KIAA0353 similar to myosin 
11. 79 KDa heat shock cognate protein' 
12. Leucocyte common antigen-related protein (LAR) 
13. KIAA0445 protein fragment") 
14. KIAA0445 protein fragment" 
15. Glyceraldehyde-3-phosphate dehydrogenase 
16. Glyceraldehyde-3-phosphate dehydrogenase # 
17. Glyceraldehyde-3-phosphate dehydrogenase 
18. Glyceraldehyde-3-phosphate dehydrogenase 
19. Voltage-dependent ion channel 
20. Plasrnalemrnal porin brain-derived (BR 1 -VDAC) 
21. Voltage-dependent anion channel 1 (VDACl) 
22. Voltage-dependent anion channel 1 (VDACl) # 
23. Voltage-dependent anion channel 1 (VDACl) # 
24. Porin (VDAC2) 
25. Porin (VDAC2) # 
26. Prohibitin 
27. KIAA0336 protein fragment"' 
28. Rieske iron-sulfur protein precursor 
29. a-B crystallin heat shock 
30. M2-type pyruvate kinase family 
31. M2-type pyruvate kinase family # 
32. NADH dehydrogenase 
33. calpain 1 (calcium-activated neutral proteinase) 
34. calpain 1 (calcium-activated neutral proteinase) 
35. Tyrosine kinase receptor TY03 precursor fragment ** 
36. Phosphatidylinositol 3 kinase a subunit fragment ** 
37. Glutamate receptor p-2 fragment lit 

38. Tetratricopeptide repeat protein 
39. Rod cGMP phosphodiesterase P-subunit fragment **  
40. NMDAR receptor subunit 2A fragment *' 
41. AHNAK nucleoprotein fragment ** 

42. Gliar fibrillary acidic protein 
43. Creatine kinase " 
44. Creatine kinase 
45. Creatine kinase ' 
46. Creatine kinase * 
47. P-tubulin 
48. a-tubulin 
49. Elongation factor 2 fragment *' 
50. Elongation factor 2 fragment '* 
51. KlAAOlOO protein fragment **  
52. F1 ATP synthase p-subunit precursor 
53. F1 ATP svnthase O-subunit precursor 

Bos taurus 
Bos taurus 
Bos taurus 
Bos taurus 
Bos taurus 
Sus scrofa 
Mus musculus 
Mus musculus 
Homo sapiens 
Homo sapiens 
130s taurus 
aattus norvegicus 
Homo sapiens 
Homo sapiens 
Sus scrofa 
Sus scrofa 
Sus scrofa 
Sus scrofa 
Homo sapiens 
Bos taurus 
Mus musculus 
Mus musculus 
Mus musculus 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Bos taurus 
aattus norvegicus 
Mus musculus 
Mus musculus 
Bos taurus 
Rabbit 
Rabbit 
Mus musculus 
Homo sapiens 
Mouse 
Homo sapiens 
Bos taurus 
Raltus norvegicus 
Homo sapiens 
Homo sapiens 
Mus musculus 
Mus musculus 
Mus musculus 
Mus musculus 
Homo sapiens 
Homo sapiens 
Rattus norvegicus 
Rattus norvegicus 
Homo sapiens 
Bos taurus 
Bos taurus 

54. F1 ATP synthase b-subunit precursor aattus norvegicus 

59719.9 
59719.9 
59719.9 
49.398.5 
49.398.5 
49861.2 
127930.2 
97808.2 
79574.1 
150981 
71239.9 
70949.76 
148256.3 
148256.3 
35822.3 
35822.3 
35822.3 
35822.3 
31594.7 
30825.8 
30.755.6 
30.755.6 
30.755.6 
38092.9 
38092.9 
29820.2 
184659.4 
29728.1 
20088.9 
57915.4 
57915.4 
23501.2 
35274.7 
35274.7 
96222.7 
83597.8 
100274.2 
55480.1 
9831 1.4 
165469.5 
18001 0.8 
49880.5 
42713.5 
42713.5 
4271 3.5 
42713.5 
48880.1 
501 57 
95284.6 
95284.6 
23731 3.2 
56283.8 
56283.8 
51202.8 

9.21 
9.21 
9.21 
6.72 
6.72 
4.78 
6.78 
6.44 
5.80 
5.00 
5.49 
6.51 
5.50 
5.50 
8.51 
8.51 
8.51 
8.51 
7.5 
8.83 
8.62 
8.62 
8.62 
6.32 
6.32 
5.57 
5.07 
9.47 
6.76 
7.17 
7.17 
5.71 
6.45 
6.45 
5.64 
5.9 
7.52 
7.08 
5.22 
6.59 
5.84 
5.92 
5.4 
5.4 
5.4 
5.4 
4.7 
4.86 
6.4 
6.4 
6.54 
5.15 
5.15 
4.91 

1 14402 
1 14402 
1 14402 
1352352 
1352352 
135490 
324 1 985 
423447 
128826 
2224647 
123644 
693993 
341 3852 
341 3852 
2506441 
2506441 
2506441 
2506441 
34612 
1 172552 
130683 
130683 
130683 
1 172554 
1 172554 
464371 
222461 3 
163044 
1 17388 
1363219 
136321 9 
1364245 
1 15576 
1 15576 
1717830 
129387 
3287972 
1688076 
1 16579 
1072450 
1351 900 
121135 
41 7208 
41 7208 
41 7208 
41 7208 
21 19276 
21 19276 
119176 
119176 
603949 
1 14543 
1 14543 
137471 5 
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Spot number/Protein identification Species Molecular mass p l  Accessiona) 

55. Gliar fibrillar acidic protein 60s taurus 49452.7 5.3 2497271 
56. F1 ATP synthase Psubunit precursor 60s taurus 56283.8 5.15 114543 

P a )  

a) The accession code refers to the NCBl database 
*) refers to protein family (when the information was not sufficient for assignment of a single protein) 
") refers to protein fragments. Molecular weight and plvalues listed in the table refer to the entire protein 
#) refers to proteins identified by sequence tag (listed in Table 2) 

Table 2. Proteins identified by sequence tag from porcine cerebellum 

Spot number/ Sequence tag Mol. mass a ions b ions b-HpO ions y ions 
Protein identification (m.u.la) (m.u.) ( m u )  (m.u.1 ( m u )  

9. NADH dehydrogenase FASEIAGVDDLGTTGR 1608.78 120.08 148.8 288.13 
precursor 191.12 219.11 417.18 

278.15 306.15 530.26 
520.28 435.19 601.30 
747.40 548.27 658.32 

619.31 
676.33 

16. Glyceraldehyde-%phosphate VPTPNVSVVDLTCR 1556.81 169.13 197.13 280.17 
dehydrogenase 270.18 298.18 590.33 

481.28 608.34 677.36 
580.35 695.37 990.53 

1093.63 1121.62 1103.61 
1382.70 

22. Voltage-dependent anion LTFDSSFSPNTGK 1400.66 187.14 215.14 197.13 
channel 1 (VDACl) 334.21 362.21 344.20 

536.27 477.23 459.22 
623.30 564.27 546.26 

651.30 633.29 
798.37 780.40 
885.40 867.39 

23. Voltage-dependent anion LTFDSSFSPNTGK 1400.66 187.14 215.14 197.13 
channel 1 (VDACl) 334.21 362.21 344.20 

536.27 477.23 459.22 

175.12 
232.14 
333.19 
604.42 
719.47 
834.49 
933.59 
990.57 

1061 5 9  
1174.61 
1303.65 
1390.68 
1461.72 
175.12 
335.15 
436.20 
549.28 
664.31 
763.38 
862.45 
949.48 

1048.55 
1162.59 
1259.64 
1360.69 
1457.74 
147.11 
204.13 
305.18 
419.23 
516.28 
603.31 
750.38 
837.41 
924.44 

1039.47 
1186.54 
1287.59 
147.11 
204.13 
419.23 
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Table 2. continue 

Spot number/ Sequence tag Mol. mass a ions b ions b-H20 ions y ions 
Protein identification ( m u )  (m.u.1 ( m u )  (m.u.) 

25 Porin (VDAC2) 

1068.50 

LTFDTTFSPNTGK 1428.70 86.10 
187.14 
334.21 
449.24 
550.29 
651.34 
798.40 
982.49 

31. M2-type pyruvate kinase SLEAAHLAIDAGYR 1486.76 60.04 
family 302.17 

373.21 
444.25 
581.30 
694.39 

564.27 
651.30 
885.40 

114.09 
215.14 
362.21 
477.23 
578.28 
679.33 
826.40 
913.43 

88.04 
201.12 
330.17 
401.20 
472.24 
609.30 
722.38 
793.42 
906.50 

633.29 
867.39 

197.13 
459.22 
560.27 
661.32 

183.11 
312.16 
383.19 
591.29 
704.37 

516.28 
603.31 
750.38 
837.41 
924.44 

1039.47 
1186.54 
1287.59 
147.11 
204.13 
305.18 
419.23 
516.28 
603.31 
750.38 
851.43 
952.47 

1067.50 
121 4.57 
131 5.62 

175.12 
395.20 
466.24 
581.27 
694.35 
765.39 
878.47 

1015.53 
1086.57 
1157.61 
1286.65 
1399.73 

a) Molecular mass was calculated as monoisotopic masses ( m u ,  mass unit) 

trometry (MS/MS) or by post-source decay on a MALDI- 
TOF. When tandem MS is performed, every molecular 
ion (representing a single peptide) can be selected and 
collisionally activated to produce individual fragment ions, 
which contain amino acid sequence information. 

Both approaches allow a mixture of peptides to be ana- 
lyzed. Seventy-four spots chosen from 2-D gels of NaCI- 
washed membranes (Table 1) - as well as nontreated 
membranes (data not shown) -were analyzed by MS us- 
ing these two approaches. Protein spots were excised 
from the gels and treated with trypsin; the recovered pep- 
tide mixtures were analyzed by MALDI-TOF-MS and by 
ES-MS to yield peptide mass-fingerprint and fragment-ion 
data, respectively. Mass and sequence information thus 
obtained were used to search genome databases as de- 
scribed in Section 2.7. The most abundant ions in the 
spectra (1 0-1 5 molecular ions) were directly used for da- 

tabase searches using the program MS-Fit. For positive 
identification of a protein, a minimum of 70% of the used 
molecular ions was required to match. The identity of a 
number of spots was further investigated using sequence 
tag data obtained by nanoelectrospray MS/MS. Table 2 
lists the sequence tags used for the identification of spots 
9, 16, 22, 23, 25 and 31 with the program MS-Tag. For 
each sequence tag the corresponding observed a, b, b- 
H20 and y ions used for the database search are indicat- 
ed. Listed in Table 1 are 56 spots identified by spot num- 
bers corresponding to the gel in Fig. 4C and 5. For the 
remaining 18 spots protein identification was not estab- 
lished, either because the ions in the MALDI spectra were 
not strong enough to have unambiguous identification 
through MS-Fit, or because the sequence tag did not 
match any translated nucleotide sequence in currently 
available databases. Since sequences of porcine proteins 
are not numerous in commonly available databases, most 
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3 PI 10 M,x lo-’ 
127 - 
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45 - 

32 - 

18 - 
12.5 - 

Figure 5. Analytical silver-stained 2-DE gel of porcine cerebellar membrane preparation after NaCl treatment. Two-hun- 
dred and fifty pg of sample was solubilized in 7 M urea, 2 M thiourea, 4% CHAPS, 40 mM Tris, pH 9.6, 0.3% DlT, 2% pH 3- 
10 carrier ampholytes, and loaded on pH 3-10 linear IPG strips for isoelectric focusing. In the second dimension proteins 
were separated on a 12.5%T SDS-PAGE and detected by silver staining. Arrows indicate spots that have been identified 
by mass spectrometry (see Table 1). 

of the proteins were identified in related species (most 
commonly Homo sapiens or Bos taurus). However, they 
all had high scores, possibly because of highly conserved 
sequences of such proteins among mammals. 

In some cases (protein reported with an asterisk in Table 
1) we could not determine the exact identity of the protein, 
but we could identify the protein family based on con- 
served homologous regions. In such cases we named the 
protein by their family name, without further specification. 
In other cases (e.g., spot 1, 15, 43, 52 in Table 1) several 
spots were identified as one protein, probably represent- 
ing modified forms of the same protein; however, this as- 

pect was not further investigated in this study. A number 
of spots were identified as degradation fragments of larg- 
er proteins (indicated in Table 1 with two asterisks). 
Whether these fragments are generated in situ or during 
the sample preparation procedure is, as yet, unclear. In 
conclusion, 56 out of 74 spots analyzed could be identi- 
fied from NaCCwashed cerebellar membranes. 

4 Concluding remarks 

In this study we presented a partial database of cerebellar 
proteins, which, to our knowledge, is the first to be report- 
ed. We combined different strategies to study membrane 
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proteins in particular. An enrichment for membrane pro- 
teins detected by 2-DE was achieved by pretreating the 
membrane preparation with high concentrations of NaCI, 
followed by solubilization in CHAPS and Tris in combina- 
tion with urea and thiourea. This result was confirmed by 
the identification of protein spots by mass spectrometry. 
We found that spots increasing in intensity after the treat- 
ment were indeed membrane proteins (e.g., spot 21 iden- 
tified as a voltage-gated ion channel protein). Spots de- 
creasing in intensity were soluble proteins (e.g., spots 4, 
5 identified as elongation factor tu, and spots in the circled 
area in Fig. 4A identified as P-tubuline). Fifty-six out of 74 
spots chosen for MS analysis could be identified. Further 
development of this protein database is needed to estab- 
lish a complete map of cerebellar proteins, which will be- 
come a useful tool to monitor experimentally induced 
changes of cerebellar proteins. 
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preparations; we also thank Dr. Fredrik Nilsson, Dr. Ann- 
Christin Nystrom and Helena Brockenhuus von Lowen- 
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Decreased levels of synaptosomal associated 
protein 25 in the brain of patients with Down 
Syndrome and Alzheimer's disease 

Synaptosomal associated protein 25 kDa (snap-25) is a widely distributed membrane- 
associated protein in the brain, mainly localized in nerve terminals. In nerve terminals, 
snap-25 participates in docking and/or fusion of synaptic vesicles with the plasma- 
lemma, a process essential for synaptic vesicle exocytosis. Recent work suggests a 
role in brain development, forming presynaptic sites by regulating axonal outgrowth 
and nerve growth-induced neurite elongation. In Down syndrome (DS) brain, it is 
abnormally developed from early life, and brain pathology becomes even more pro- 
nounced when Alzheimer's disease (AD) develops in the fourth decade. This informa- 
tion led us to examine snap-25 in the brain of patients with DS and AD. We studied 
snap-25 and glial fibrillary acidic protein (GFAP) brain levels in five individual brain 
areas of 9 aged patients with DS, 9 patients with AD and 9 controls, applying two- 
dimensional gel electrophoresis. Decreased snap-25 levels were found in the five brain 
regions of the patients with DS and AD. Increased expression levels of GFAP were 
found in the frontal, parietal, temporal and occipital cortex regions of the DS and AD 
patients. Decreased snap-25 protein levels in the brain of DS and AD may reflect 
impaired synaptogenesis or represent neuronal loss. Findings of increased GFAP, a 
marker for neuronal loss, along with data from literature would support the notion of 
decreased snap-25 secondary to neuronal decay in both neurodegenerative disorders. 
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1 Introduction 

Synaptosomal associated protein 25 kDa (snap-25) is a 
membrane-associated cytoplasmic, hydrophilic protein, 
206 amino acids long. This phylogenetically highly con- 
served protein is widely distributed in the brain and local- 
ized mainly in nerve terminals. In the adult nervous sys- 
tem, it is palmitylated at one or more of its four closely 
spaced cysteines and it behaves as an integral mem- 
brane protein 11-31, The concentration of snap-25 in 
nerve terminals led to the suggestion that it may partici- 
pate in docking and/or fusion of synaptic vesicles with the 
plasmalemma. This process is essential for synaptic vesi- 
cle exocytosis [ l ]  and there is now strong support for this 
protein function [ M I .  

Correspondence: Michael Fountoulakis. F. Hoffmann - La Ro- 
che, Pharmaceutical Research-Gene Technology, Building 93- 
444, CH-4070 Basel, Switzerland 
E-mail: michael.fountoulakis@roche.com 
Fax: +41-61-691-9391 

Abbrevlations: AD, Alzheimer's disease; DS, Down syndrome; 
GFAP, glial fibrillary acidic protein; snap-25, synaptosomal asso- 
ciated protein 25 
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A challenging finding, independent of synaptic vesicle 
exocytosis, which stresses the role of snap-25 in brain de- 
velopment, was reported by Osten-Sand and co-workers 
[7]. The authors employed an antisense oligonucleotide 
approach to look into the function of snap-25 in develop- 
ing neurons prior to synapse formation. Antisense oligo- 
nucleotides complementary to coding regions reduced 
snap-25 expression in cortical neurons in culture, result- 
ing in decreased axonal outgrowth and nerve growth fac- 
tor (NGF)-induced neurite elongation, thus indicating a re- 
duction in the potential to form presynaptic sites. The 
relevance of this finding was confirmed by injecting anti- 
sense oligonucleotides in the eye of chick embryos; the 
consequences were impaired axonal growth of retinal 
neurons and reduction of the thickness of the internal 
plexiform neuronal layer. In Down syndrome (DS), brain 
weight is in the low normal range and the size of the cere- 
bellum and brain stem may be reduced [8, 91. Frontal- 
occipital length is shortened, probably secondary to re- 
duced frontal lobe growth. There is a narrowing of tempo- 
ral gyri in about one third of the cases [lo] and the anteri- 
or commissure in adults with DS is reduced in cross- 
sectional area (111. Nerve cell heterotopias in the white 
layers of the cerebellum indicate a disturbance of embry- 
onic cell migration [12]. 

01 73-0835l9910405-0928 $1 7.50+.50/0 
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2.2 Sample preparation 

Brain tissue was suspended in 0.5 mL of sample buffer 
consisting of 40 mM Tris, 5 M urea (Merck, Darmstadt,Ger- 
many), 2 M thiourea, 4% CHAPS (Sigma, St.Louis, MO, 
USA) [23], 10 mM 1 ,Cdithioerythritol (Merck), 1 mM EDTA 
and a mixture of protease inhibitors, 1 mM PMSF, and 
1 pg each of pepstatin A, chymostatin, leupeptin and anti- 
pain. The suspension was sonicated for approximately 
30 s and centrifuged at 10 000 X gfor 10 rnin to sediment 
cell debris. The supernatant was centrifuged further at 
150 000 x g for 45 min to sediment undissolved material. 
The average protein concentration was 8 mg/mL. 

Abnormalities in morphology and number of dendritic 
spines including atrophy of the dendritic tree of the visual 
cortex, continuing into adulthood and becoming even 
more pronounced when Alzheimer’s disease (AD) devel- 
ops, have been described [13-161. Other defects in brain 
histogenesis include poverty of granular cells throughout 
the cortex, decreased neuronal densities in layers II and 
IV of the occipital cortex [17] and diminution in the number 
of hypothalamic neurons [la]. There is also accumulating 
evidence for abnormalities of neuronal differentiation and 
abnormal migration in fetal and infant brains [a]. A consis- 
tent picture of the ”wiring” of the brain in DS has not 
emerged yet. 

In our studies on differential protein expression of brain 
proteins, by applying two-dimensional (2-0) gel electro- 
phoresis, we observed decreased levels for snap-25 and 
increased levels for glial fibrillary acidic protein (GFAP) in 
the brain of patients suffering from DS and AD. Here we 
present a quantification of the proteins in the diseased 
states in comparison with the healthy state. Our findings 
may help to explain neuropathological features found in 
aged patients with DS. 

2 Materials and methods 

2.1 Brain samples 

Post mortern brain samples were obtained from the MRC 
London Brain Bank for Neurodegenerative Diseases, In- 
stitute of Psychiatry. In all DS brains there was evidence 
of abundant beta A plaques and neurofibrillary tangles. 
The AD patients fulfilled the National Institute of Neuro- 
logical and Communicative Disorders and Stroke and Alz- 
heimer’s Disease and Related Disorders Association 
(NINCDS/ADRDA) criteria for probable AD [19]. The his- 
tological diagnosis of AD was established and was con- 
sistent with the CERAD criteria [20] for a “definite” diagno- 
sis of AD. The temporal, frontal, occipital, parietal cortex 
and cerebellum brain regions of karyotyped patients with 
DS ( n  = 9; 3 females, 6 males; 56.1 f 7.1 years old), AD 
( n  = 9; 6 females, 3 males; 72.3 f 7.6 years old) and con- 
trols (n  = 9; 5 females, 4 males; 72.6 f 9.6 years old) 
(211, were used for the studies at the protein level. The 
controls were brains from individuals with no history of 
neurological or psychiatric illness. The major cause of 
death was bronchopneumonia in DS and AD patients and 
heart disease in controls. The post rnortern interval of 
brain dissection in AD, DS, and controls was 34.1 f 13.7, 
30.6 f 17.5 and 34.8 f 15.0 h, respectively. Tissue sam- 
ples were stored at -7O’C and the freezing chain was 
never interrupted. The post mortern interval had a limited 
influence upon mRNA and protein products. Freezer stor- 
age time showed no effect [22]. 

2.3 Two-dimensional gel electrophoresis 

The 2-D gel electrophoresis was performed essentially as 
reported [24]. Samples of approximately 1.5 mg were ap- 
plied on pH 3-10 nonlinear immobilized pH-gradient 
(IPG) strips (Amersham Pharmacia Biotechnology, Up- 
psala, Sweden), at both the basic and acidic ends of the 
strips. The proteins were focused at 300 V for 1 h, after 
which the voltage was gradually increased to 3500 V with- 
in 6 h. Focusing was continued at 3500 V for 12 h and at 
5000 V for 48 h. The proteins were then separated on 9- 
16% linear gradient polyacrylamide gels (with chemicals 
from Serva, Heidelberg, Germany and Bio-Rad, Hercules, 
CA, USA). After protein fixing with 40% methanol contain- 
ing 5% phosphoric acid for 12 h, the gels were stained 
with colloidal Coomassie blue (Novex, San Diego, CA, 
USA) for 48 h. The molecular mass was determined by 
running standard protein markers at the right side of se- 
lected gels. The size markers (Gibco, Basel, Switzerland) 
covered the range of 10-200 kDa; the p l  values were as 
given by the supplier of the IPG strips. The gels were de- 
stained with H20 and scanned in a Molecular Dynamics 
personal densitometer. The images were processed us- 
ing Adobe Photoshop and PowerPoint software. Protein 
spots were quantified using the ImageMaster 2D Elite 
software (Amersham Pharmacia Biotechnology). 

2.4 Matrix-assisted laser desorptiodionization 

MALDI-MS analysis was performed as described [25] with 
minor modifications. Briefly, spots were excised, de- 
stained with 50% acetonittile in 0.1 M ammonium bicar- 
bonate, and dried in a Speedvac evaporator. The dried 
gel pieces were reswollen with 3 pL of 3 mM Tris-HCI, pH 
8.8, containing 50 ng trypsin (Promega, Madison, WI, 
USA). After 15 min, 3 FL of H20 were added and left at 
room temperature for 12 h. Two pL of 30% acetonitrile 
containing 0.1% trifluoroacetic acid were added, the con- 
tent was vortexed, centrifuged for 3 min, and sonicated 

- mass spectroscopy 
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for 5 min. One pL was applied onto the dried matrix spot. 
The matrix solution consisted of 15 mg nitrocellulose 
(Bio-Rad) and 20 mg a-cyano 4 hydroxycinnamic acid 
(Sigma) dissolved in 1 mL acetone:isopropanol (1:1, v/v). 
The matrix solution (0.5 pL) was applied on the sample 
target. Specimen were analyzed in a time-of-flight Voyag- 
er Elite mass spectrometer (PerSeptive Biosystems, 
Cambridge, MA, USA) equipped with a reflectron. An ac- 
celerating voltage of 20 kV was used. Calibration was in- 
ternal to the samples. The peptide masses were matched 
with the theoretical peptide masses of all proteins from all 
species of the SWISS-PROT database. For protein 
search, monoisotopic masses were used and a mass tol- 
erance of 0.0075% was allowed. 

3 Results 

3.1 Quantification of snap-25 protein 
The protein extracts from five brain regions of nine pa- 
tients with DS, nine with AD and nine controls were sep- 

Figure 1. Partial two-dimen- 
sional gel images of human 
brain proteins from the parietal 
cortex lobe, from (A) a control, 
and (6) a patient with DS. The 
proteins were extracted and 
separated on 3-10 nonlinear 
IPG strips, followed by 9-16% 
SDS-polyacrylamide gels, as 
stated in Section 2.3. The gels 
were stained with Coomassie 
blue. The spots corresponding 
to snap-25 and GFAP are indi- 
cated. 

Figure 2. Partial two-dimen- 
sional gel images of human 
brain proteins from the parietal 
cortex lobe, from (A) a control, 
and (B) a patient with AD. The 
spots corresponding to snap-25 
and GFAP are indicated. GFAP 
is represented by many spots 10- 
cated in two regions on the gel. 

arated by 2-D gel electrophoresis. The 2-D gels with pro- 
teins from the corresponding brain regions of the controls 
and the DS and AD patients were compared with each 
other. Several differences were observed, which could 
represent allelic differences or may be due to some irre- 
producibility in the separation of the brain proteins. Figure 
1 shows the protein spots representing snap-25 in brain 
samples from a control (Fig. 1A) and a patient with Down 
Syndrome (Fig. 1B). Figure 2 shows the same protein in 
the brain sample from another control member (Fig. 2A) 
and a patient with Alzheimer's disease (Fig. 28). The pro- 
tein was unambiguously identified by MALDI-MS as syn- 
aptosomal associated protein 25 (SWISS-PROT acces- 
sion number P13795). Homology to goldfish snap-25 a- 
protein (P36977) indicates that the human snap25 pro- 
tein is the a-form (data not shown). Snap-25 was in most 
cases represented by weak spots in all three (control, DS, 
and AD) groups. We quantified the spots representing 
snap-25 in the three groups in 2-0 gels carrying proteins 
from the same brain region, using specific software. In 
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Figure 3. Quantification of snap-25 levels in the brain 
regions of patients with DS and AD. The proteins from 
(A) the frontal, (6) parietal, (C) temporal, and (D) occipital 
cortex lobes and (E) the cerebellum of the patients with 
DS and AD and the control group were separated on 2-D 
gels and visualized following staining with colloidal Coo- 
massie blue. In partial gel images, including snap-25 and 
the neighboring proteins, the intensities of the spots rep- 
resenting snap-25 were quantified, compared to the total 
proteins present. The quantification was performed using 
the ImageMaster 2-D software. The mean values of snap- 
25 determined in the DS and AD groups were normalized 
to the mean value of the controls and the relative levels 
are indicated. The bars indicate the standard deviation of 
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Control Down 

Figure 4. Quantification of GFAP levels in the brain re- 
gions of the patients with DS and AD. The spot quantifica- 
tion was performed as stated in the legend to Fig. 3. The 
relative protein levels in (A) the frontal, (B) parietal, 
(C) temporal, and (D) occipital cortex lobes and (E) the 
cerebellum of the patients with DS and AD are indicated, 
normalized to the mean value of the controls. The bars in- 

snap-25 levels in the three groups. dicate the standard deviation of GFAP levels. 
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each group, snap-25 levels were determined in compari- 
son with the levels of total proteins. The average snap-25 
levels in the DS and AD groups were compared with the 
average protein levels determined in the control group 
(Fig. 3). Reduced levels of snap-25 were found in all brain 
regions of the DS and AD patients. In the patients with 
AD, the protein level reduction was even more evident in 
comparison with the DS patients. 

3.2 Quantification of glial fibrillary acidic 

GFAP was identified in the brain samples of the control, 
DS and AD groups. In the 2-D gel images of Figs. 1 and 
2, GFAP is represented by weak spots in the control sam- 
ples (Fig. 1A and 2A) and by large spots in the DS and 
AD samples (Fig. 1B and 2B). The protein was usually 
represented by many spots, located at two regions of the 
2-D gels, migrating at about 35 and 50 kDa (Fig. 2A and 
28). The various spots were analyzed by MALDI-MS. The 
protein was unambiguously identified as GFAP (SWISS- 
PROT accession number P14136). Quantification of the 
spots representing GFAP revealed that in the frontal, pari- 
etal, temporal, and occipital lobes of cortex, the average 
levels were increased in the DS and AD patients, compar- 
ed to the levels in the control group (Fig. 4). In cerebel- 
lum, no significant difference was observed in the three 
groups. The intensities of the spots representing GFAP 
showed a strong variation from group to group and from 
individual to individual. This resulted in increased values 
of standard deviation in the AD and DS groups (Fig. 4). 

protein 

Figure 5 shows examples of GFAP heterogeneity in six 
controls and six patients with AD. In general, more and 
larger GFAP spots were observed in the AD brain sam- 
ples. It seems that in DS and AD brain, mainly the 35 kDa 
form increases, as seen in the examples of Fig. 5. In 
many patients, a 2- to 10-fold larger spot size was meas- 
ured in the members of the DS and AD groups in compari- 
son with the spot size in controls. The possible roles of 
the two GFAP forms and of their post-translational modifi- 
cations in neurological and other disorders are currently 
under investigation. 

4 Discussion 

We studied differential protein expression in human brain 
in healthy and diseased individuals, suffering from DS 
and AD. In the DS and AD groups, we found reduced lev- 
els for snap-25 and increased levels for GFAP. Increased 
GFAP levels in the brain of patients with DS and AD and 
decreased levels for snap-25 in AD brain have been re- 
ported before [26, 271. This study confirms those results, 
and in addition, it shows that snap-25 levels decrease in 
DS brain as well. Decreased snap-25 levels in the brain of 
aged DS patients can be due to increased neuronal loss 
or impaired synaptogenesis. Impaired synaptogenesis 
may appear either early in life or secondarily when AD le- 
sions, tangles and plaques appear in DS brains beginning 
with the fourth decade of life [28]. However, our concomi- 
tant finding of increased GFAP, a marker for neuronal de- 
cay and brain damage, and decreased snap-25 would 
suggest that decreased snap-25 protein might well be 

Figure 5. Partial two-dimensional images of brain protein samples from 6 controls and 6 patients with AD. The images 
show examples of glial fibrillary acidic protein levels in the brains of the two groups. In general, larger spots representing 
GFAP, particularly the 35 kDa form, were observed in the AD samples. The gels were prepared as stated in the legend to 
Fig. 1. The proteins were identified by MALDI-MS. 
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of Inherited Disease. McGraw Hill, New York 1992, 
pp. 749-794. 
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en, A., Clin. Neuropathol. 1990, 9, 181-195. 

[13] Marin-Padilla, M., J. Comp. Neurol, 1976, 167, 63-75 

[14] Becker, L. E., Armstrong, D. L., Chan, F., Ann. Neurol. 
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1986.20,520-532. 

linked to neuronal loss. The report of Goodison and co- 
workers [29] describing decreased GFAP levels in brains 
of DS patients 15-45 years of age does not contradict our 
concept and results because AD pathology develops in 
the fourth decade of age. The authors studied GFAP- 
mRNA rather than protein levels. We do not agree, how- 
ever, with their suggestion that trisomy 21 exerts a sup- 
pressive effect on GFAP gene expression. 

Apart from its role for axonal growth and elongation, re- 
duced snap-25 may be leading to deranged functions of 
exocytosis and neurotransmission known to occur in DS 
[8], including our study population [30-321. Snap-25 is an 
integral constituent of the synaptic core complex, which 
mediates vesicle docking and membrane fusion and inter- 
acts with calcium channels [33-361. Also, in the brains of 
patients with AD, decreased snap-25 may reflect secon- 
dary neuronal loss. This notion is supported by the report 
from Clinton and co-workers [37] showing that snap-25 
and the relative synaptic index in cortical areas from AD 
brains are correlated. Shimohama and co-workers [27] 
confirmed the finding of decreased snap-25 in brains of 
patients with AD. However, Dessi eta/. [38] did not find a 
correlation between snap-25 and markers of neuronal 
death. We are currently studying snap-25 expression in 
fetal brains of patients with DS in order to address the 
open question of the time course of the snap-25 protein 
decrease. 

The work a t  the University of Vienna was supported by 
the Red Bull Company, Salzburg, Austria. We thank J.-F. 
Juranville for technical assistance. 
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A proteome analysis of livers from obese (ob/ob) 
mice treated with the peroxisome proliferator 
WY14,643 

The PPAR (peroxisome proliferator activated receptor) transcription factors are ligand- 
activated receptors which regulate genes involved in lipid metabolism and homeosta- 
sis. PPARa is preferentially expressed in the liver and PPARy preferentially in adipose 
tissue. Activation of PPARa leads to peroxisome proliferation in rodents and increased 
P-oxidation of fatty acids. PPARy-activation leads to adipocyte differentiation and 
improved insulin signaling of mature adipocytes. Both of these PPAR receptors are 
potential targets for treatment of dyslipidemia in man. Studies by others using a proteo- 
mics approach have characterized the effects of PPARa agonists in livers from lean 
healthy mice. However, we wanted to map the effects of a therapeutic dose of a 
PPARa agonist in a disease model of insulin resistance and diabetes, the obese dia- 
betic ob/ob mouse, by proteomics. Therefore, ob/ob mice, which have highly elevated 
levels of plasma triglycerides, glucose and insulin, were treated for one week with 
WY14,643 (180 Fmol/kg/day), a well-characterized selective PPARa agonist. Plasma 
triglycerides, glucose and insulin levels were determined and we found significant ther- 
apeutic effects on triglycerides and glucose levels. The liver protein compositions were 
investigated by high-resolution two-dimensional gel electrophoresis which showed that 
WY14,643 produced up-regulation of at least 16 spots. These were identified by mass 
spectrometry and 14 spots were found to be components of the peroxisomal fatty acid 
metabolism. Thus, WY14,643 at a therapeutic dose, caused induction of peroxisomal 
fatty acid poxidation in obese diabetic mice. 

Keywords: Peroxisome proliferation / Two-dimensional polyacrylamide gel electrophoresis I 
Mass spectrometry / Peroxisome proliferator activated receptor EL 3408 

1 Introduction 

Peroxisome proliferator activated receptors (PPAR) are 
nuclear transcription factors that heterodimerize with 
RXRa and activate a multitude of genes involved in lipid 
metabolism 11-3). There are three PPAR receptors 
known to date with different tissue distribution; PPARa is 
highly expressed in liver and kidney, PPARG is ubiqui- 
tously expressed and PPARy is preferentially expressed 
in adipose tissue [ l ,  4-61, It has been shown that fatty 
acids and/or fatty acid metabolites are activators of 
PPARs [7-111 and it is possible to view PPARs as physio- 
logical sensors of intracellular lipid/fatty acid concentra- 
tions [l ,  2, 91. Activation of PPAR in rodent livers pro- 
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motes increased fatty acid oxidation in peroxisornes and 
mitochondria, and induce proliferation of peroxisomes 
[4, 12, 131. Also, several other proteins involved in lipid 
metabolism are regulated by PPARa, such as lipoprotein 
lipase, apolipoprotein Al, All and CHI, and cytochrome 
P4504A [ l ,  14, 151. Fibrates, used in the clinic to treat 
severe hypertriglyceridemia, have been found to activate 
PPARa [4, 12, 161 and in man, major effects are thought 
to be through down-regulation of apolipoprotein Clll 
[2, 17, 181, an inhibitor of peripheral lipolysis. Peroxisome 
proliferation, as a result of PPARa activation, is consid- 
ered a rodent-specific phenomenon and has not been 
convincingly detected in man [19]. 

Here, we have examined the effects in livers from obese 
diabetic mice (ob/ob) of the well-characterized highly se- 
lective PPARa agonist WY14,643 [4]. The methods em- 
ployed were high-resolution two-dimensional electro- 
phoresis (2-D PAGE) followed by protein identification 
using mass spectrometry (MS) and database searching. 
A previous study using the “proteomics approach has 
characterized the liver effects of peroxisome proliferators 
[20]; however this was performed in lean, healthy 
B6C3F1 mice. Our results, which show that a therapeutic 
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dose of WY14,643 causes induction of peroxisomal p-oxi- 
dation in livers from ob/ob mice, will constitute the basis 
for further proteomics studies on the effects of both 
PPARa and PPARy agonists in livers from obese diabetic 
mice. 

2 Materials and methods 

2.1 Materials 
The IsoDalt system, including gel cassettes and casting 
box, was from Hoefer (San Francisco, CA, USA). Equip- 
ment for isoelectric focusing (IEF), Multiphor 11, Immobi- 
line Drystrip Kit, lmmobiline Drystrips (18 cm, pH 3-10 
NL; nonlinear), IPG buffer 3-10 NL and Drystrip cover flu- 
id were purchased from Amersham Pharmacia Biotech 
(Uppsala, Sweden). lodoacetamide and sodium thiosul- 
fate were from Sigma (St Louis, MO, USA). Trypsin was 
purchased from Promega (Madison, WI, USA). Silver ni- 
trate, copper chloride, formaldehyde and sodium carbo- 
nate were from Merck (Darmstadt, Germany). NP-40 was 
from United States Biochemical (Cleveland, OH, USA). 
GelCode blue stain reagent was from Pierce (Rockford, 
IL, USA). Duracryl (30%. 0.65% Bis) and all other chemi- 
cals, unless otherwise stated, were electrophoresis grade 
(ESA Chelmsford, MA, USA). WY14,643 was from Sig- 
ma. 

2.2 Animals and drug treatment 

Obese ob/obmice (UmeA-strain) and lean litter mates 
were from BomholtgArd Breeding and Research Center, 
Denmark. Following one week of acclimatization in the 
animal quarters, the 7-week-old animals were divided into 
groups of five mice and one group of obese mice was 
treated orally once daily for one week with WY14,643 
(180 pmol/kg/day). Lean mice (untreated) served as con- 
trol for determination of physiologically normal levels of 
triglycerides, insulin and glucose and were not analyzed 
further in this study. On the last day of the experiment the 
mice were anesthetized with COP and exsanguinated via 
a carotid artery. The blood was collected in EDTA vials. 
The apical end of the left lobe of the liver was rapidly 
removed and snap-frozen in liquid nitrogen less than 
1 min after blood sampling. Liver samples were stored at 
-1 5OoC. 

2.3 Determination of plasma insulin, 

Insulin levels were determined using a rat insulin RIA kit 
(RI-13K Linco. St. Louis, MO, USA). Triglycerides and 
glucose levels were determined spectrophotometrically 
using a Cobas Mira plus (Hoffman la Roche, Basel, Swit- 

trlglyceride and glucose levels 

zerland) with Calibrator Human (07 3718 6; Roche) as 
calibrant. For triglycerides and glucose the enzymatic kits 
used were 'Triglycerides/Glycerol Blanking" (450032; 
Boehringer Mannheim, Indianapolis, IN, USA) and "Glu- 
cose H K  (07 3672 4; Roche), respectively. 

2.4 2-0 PAGE sample preparation 

The apical liver lobes were weighed and homogenized 
with a glassfleflon homogenizer (five strokes at 400 rpm) 
in eight volumes of solubilizing solution (8 M Urea, 0.3% 
w/v DlT, 2% v/v NP-40 and 2% v/v IPG buffer 3-10 NL). 
To remove solid tissue, the homogenates were centri- 
fuged at 100 000 X gfor 30 min at 15OC. The supernatant 
was removed and frozen immediately at -7OOC. 

2.5 2-D PAGE -first dimension (IEF) 

lmmobiline Drystrips (18 cm, pH 3-10 NL) were used for 
isoelectric focusing. Prior to IEF. each strip was rehydrat- 
ed in 400 pL of rehydration solution containing 4 pL 
(- 100 pg) of solubilized liver protein for analytical gels 
and 10-15 pL (- 250-375 pg) for preparative gels. The 
rehydration solution consisted of 8 M urea, 2% v/v NP-40, 
0.3% w/v DTT and 2% v/v IPG buffer 3-10 NL. Rehydra- 
tion was allowed to proceed overnight to ensure maximal 
diffusion of the proteins within the strip. The strips were 
then run under a layer of Drystrip cover fluid, at 2OoC, in a 
Multiphor II unit using the lmmobiline Drystrip Kit accord- 
ing to the manufacturer's instructions. Focusing was car- 
ried out at 0-500 V for 1 min, 500 V for 5 h, 500-3500 V 
for 5 h and 3500 V for - 12 h to reach a total of 50-60 
kVh. 

2.6 Equilibration of IEF gel strips 

Following IEF the Drystrip cover fluid was poured off and 
the strips were equilibrated 2 X 15 min with gentle shaking 
[21]. The first equilibration solution contained 30% glycer- 
ol w/v, 6 M urea, 2% SDS, 50 mM Tris-HCI, pH 8.8, 65 mM 
DTT, and a trace of bromophenol blue as tracking dye. 
The second equilibration was carried out in the same sol- 
ution, except that DTT was replaced by 260 mM iodoace- 
tamide. 

2.7 2-D PAGE -second dimension (SDS-PAGE) 

The gels used in this study were continuous 14%T. 
0.3%c gels (23 x 20 x 0.1 cm). After the equilibration, 
each IEF strip was drained on a filter paper and immersed 
in SDS running buffer (24 m M  Tris base, 0.2 M glycine and 
0.1% SDS) before it was sealed at the top of the second- 
dimensional gel with 1% agarose in SDS running buffer. 



Proteomics of peroxisome proliferation in livers from obese mice 357 

Electrophoresis was performed in the IsoDalt tank (Hoe- 
fer) at 100 V for - 19 h. until the tracking dye reached the 
anodic end of the gels. 

2.8 Silver staining 

Analytical gels were silver-stained according to Shev- 
chenko eta/. [22] with some modifications. The gels were 
fixed in 50% ethanol, 5% acetic acid for 1 h, washed in 
50% ethanol for 30 rnin and additionally 60 rnin in water to 
remove the remaining acid. Thereafter, the gels were sen- 
sitized by a 1 min incubation in 0.02% sodium thiosulfate 
and rinsed with two changes of distilled water for 1 rnin 
each. After rinsing, the gels were incubated in 0.1% silver 
nitrate for 30 min. Following incubation, the gels were 
rinsed twice with distilled water for 1 rnin and then devel- 
oped in 0.04% v/v formaldehyde, 2% w/v sodium carbo- 
nate. When the developer turned yellow (- 30 s) it was 
discarded and replaced with fresh solution. When the de- 
sired intensity of staining was achieved (- 3.5 rnin), the 
development was terminated by discarding the reagent, 
followed by washing with 5% acetic acid for 5-10 min. 
Finally, the gels were washed in water and stored in 
sealed plastic bags at 4OC. 

2.9 Copper staining 

To produce a negative image of colorless protein spots 
against a semi-opaque background some preparative 
gels were copper-stained according to Lee et a/. [23]. 
Since the proteins are not permanently fixed within the 
gel, this method was used when further analysis of the 
proteins by MS was required. After electrophoresis the 
gels were rinsed in water for 3 min, thereafter immersed 
in 5% w/v CuClp solution and gently shaken in the copper 
solution for 2-3 rnin until a pattern of clear protein spots 
against a semi-opaque whitish-blue background ap- 
peared. Protein spots for MS analysis were excised from 
the gels, transferred to Eppendorf tubes, and washed for 
- 2 h with 24 mM Tris base, 0.2 M glycine and then rinsed 
briefly with water. 

2.10 Gelcode blue staining 

Some preparative gels were stained with Gelcode blue 
stain reagent, which utilizes the colloidal properties of 
Coomassie G-250 for protein staining on polyacrylamide 
gels. As subsequent analysis of protein spots from these 
gels was performed, no fixation was done prior to stain- 
ing. After electrophoresis the gels were rinsed with water 
3 x 10 min to remove SDS, then incubated in Gelcode 
blue stain reagent for approximately 2 h followed by water 
equilibrium/enhancement for 1-2 h before excision of pro- 
tein spots to be identified. 

2.1 1 In-gel digestion and peptlde extraction 

In-gel digestion was performed according to Rosenfeld et 
a/. [24] with minor modifications. The gel pieces were 
washed in water for 1 h, then in 30-40% acetonitrile, 
25 mM ammonium carbonate, pH 8.0 (1-3 times, approxi- 
mately 20 min) in pre-siliconized Eppendorf tubes (Axy- 
gen, Hayward, CA, USA) and finally dehydrated in a 
Speedvac vacuum evaporator (approximately 30 min). 
The gel pieces were reswollen with a trypsin solution con- 
taining 0.1-0.2 pg Promega modified trypsin (typically 
20 pL, 0.01 pg trypsin/pL) in 25 mM ammonium carbo- 
nate, pH 8.0. If necessary, additional ammonium carbo- 
nate buffer was added until the gel pieces had recovered 
their original size. After incubation at 37OC overnight, the 
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Figure 1. Therapeutic effects of WY14,643. Plasma lev- 
els of triglycerides, insulin and glucose in ob/ob mice after 
one week of treatment with WY14,643 (180 pmoVkg/day), 
in comparison to untreated obese controls and untreated 
lean litter mates. Values are mean f SEM, n = 5 except 
for lean mice where n = 4. *, P < 0.05 using Student's 
T-test for each group compared with nontreated ob/ob 
mice. 
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lids of the tubes were carefully opened and condensed 
water was removed from under the lid. The protein frag- 
ments were extracted by addition of 10-20 pL (depending 
on the size of the gel piece) 50-75% v/v acetonitrile and 
5% v/v TFA and 30 min incubation. 

2.12 MALDI-TOF analysis 

Peptide extracts, 0.5 pL, were mixed with 0.5 pL matrix 
solution (a-cyano-4-hydroxycinnamic acid; Hewlett-Pack- 
ard, Bbblingen, Germany) on the metal MALDI-TOF tar- 
get and dried for 10 rnin. Internal mass calibration was 
performed using trypsin autodigestion products (842.51 
Da and 221 1.1 1 Da). The MALDI-TOF analysis were per- 
formed on a PerSeptive Biosystems STR mass spectrom- 
eter (Framingham, MA) in reflector mode. 

2.13 Electrospray MSlMS analysis 

Remaining peptide extracts were purified using Poros 50 
R2 packing material (PerSeptive Biosystems). The ex- 
tracts were diluted 10-fold in 1.6 mL Eppendorf tubes and 
a 10 pL Poros 50 R2 suspension was added (20 mg/mL 
in water). After one h incubation at room temperature the 
tubes were centrifuged and the supernatants removed. 
The beads were washed once with 0.1% v/v TFA in water, 

the washing solution was removed and the Poros material 
dried in a Speedvac vacuum evaporator. The peptides 
were released by addition of 8 pL 50% v/v methanol, 
5% v/v formic acid. The samples were analyzed using a 
Perkin-Elmer SCIEX API-365 mass spectrometer fitted to 
a nanospray interface (Protana NS, Odense, Denmark). 
Au/Pd-coated glass capillaries from the same supplier 
were used. The instrument was calibrated with polypropy- 
lene glycol according to the manufacturer's specifications. 

2.14 Database searching 

The proteins were identified by searching in Swiss-Prot 
and Trembl databases using MS-Fit and MS-Tag (Protein 
Prospector, UCSF, San Francisco, CA, USA). All search- 
es were performed using a mass window between 1000- 
150 000 Da and included human, rat and mouse sequen- 
ces. The search parameters allowed for oxidation of me- 
thionine, carboxyamidomethylation of cysteine and modi- 
fication of glutamine to pyroglutamic acid. The following 
criteria were set for considering an identification as posi- 
tive in MS-Fit database-searching: (i) at least three 
matching peptide masses, (ii) at least 60% of the meas- 
ured masses must match the theoretical masses, and (iii) 
50 ppm or better mass accuracy. Measured peptide 
masses could be excluded if their isotopic pattern were 

Figure 2. 2-D PAGE of pooled liver samples (A) from five untreated control mice and (6) from five WY14,643-treated mice. 
Circles indicate 16 spots that were detected by visual inspection to be up-regulated by treatment with WY14,643. 
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treatment had normalized triglycerides levels and reduced 
glucose close to the levels of the lean control mice (Fig. 
1). 

clearly atypical or if their masses corresponded to those 
of trypsin, adjacent and identified proteins. For MS-Tag 
searches, positive identifications required at least nine 
masses, no more than one unmatched fragment ion, 
300 ppm or better mass accuracy for the parent ion, and 
1500 ppm or better for the product ions. 

3.2 Two-dimensional gel electrophoresis 

3 Results 
Liver samples homogenized individually in rehydration 
buffer were pooled (five in each group; obese and 
WY14,643-treated obese) and duplicate gels were run for 

3.1 Drug treatment and therapeutic effects both groups (as described in Sections 2.5 and 2.7). For 
Male ob/ob mice were treated for one week with detection, we used a highly sensitive monochromatic sil- 
180 pmol/kg/day WY14,643. Plasma levels of triglycer- ver stain by which up to 1500 spots were detected in each 
ides, insulin and glucose from lean, obese, and obese- gel. Figure 2A shows one gel with pooled liver samples 
treated mice were analyzed and it was found that the from untreated mice and Fig. 28 one gel of pooled liver 

Figure 3. Master pattern with 
identified spots of liver proteins 
from ob/ob mice. The gel used 
for annotation is from the analy- 
sis of WY14,643-treated mice. 
Spot No. 1, 3-ketoacyl-CoA thio- 
lase; 2, betaine-homocysteine 
methyltransferase; 3, arginase; 
4, OSF-3; 5, major urinary pro- 
tein; 6, cytoplasmic p-actin; 
7, ATP synthase P-chain: 8, pro- 
tein disulfide isomerase; 9, 78 
kDa glucose-regulated protein; 
10, heat shock protein 70; 
11, heat shock protein 60; 12. 
regucalcin; 13, cytochrome b5; 
14, Cu/Zn superoxide dismu- 
tase; 15, glutathione S-transfer- 
ase P1; 16, peroxisomal bifunc- 
tional enzyme; 17, 3-ketoacyl- 
CoA thiolase; 18, 3-ketoacyl- 
CoA thiolase; 19, peroxisomal 
bifunctional enzyme; 20, hemo- 
globin p-chain; 21, IFABP; 
22, HMG CoA synthase; 23, he- 
moglobin a-chain; 24, aFABP; 
25, acyl CoA oxidase; 26, acyl 
CoA oxidase; 27, major urinary 
protein; 28, methionine adeno- 
syltransferase; 29, aspartate 
aminotransferase; 30, 3-ketoac- 
yl-CoA thiolase; 31, peroxisomal 
bifunctional enzyme; 32, 3-ke- 
toacyl-CoA thiolase; 33, acyl 
CoA oxidase; 34, peroxisomal 
bifunctional enzyme; 35, peroxi- 
soma1 bifunctional enzyme; 36, 
peroxisomal bifunctional enzy- 

me; 37, heat shock protein 70; 38, albumin; 39, phospholipase C a-chain; 40, selenium-binding liver protein; 41, aldehyde 
dehydrogenase; 42, albumin fragments; 43, carbonic anhydrase 111; 44, ATP synthase a-chain; 45, elongation factor TU/1- 
a; 46, catalase; 47, aldehyde dehydrogenase; 48, glutamate dehydrogenase; 49, HMG CoA synthase; 50, phosphoglycer- 
ate kinase. 
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samples from WY14,643-treated animals. By visual in- 
spection, we found 16 spots in the basic region that were 
apparently up-regulated by the treatment with WY14,643. 
Next, we analyzed individual liver samples from five 
obese control animals and four WY14,643-treated obese 
animals on separate gels and this analysis confirmed 
the up-regulation by WY14,643 of these 16 spots (not 
shown). However, many more liver proteins may be regu- 
lated by treatment of obese mice with WY14,643, an is- 
sue that may be addressed in subsequent studies. 

3.3 Identification 

For identification of the 16 up-regulated spots and of 
abundant nonregulated proteins, spots were cut out of 
copper- or Coomassie-stained gels and subjected to MS, 
as described. Approximately 60% of the analyzed pro- 
teins could be identified by MALDI-TOF and database 
searching using MS-Fit. Failure to obtain positive identifi- 
cation was either due to insufficient amount of protein to 
obtain a good spectrum or absence of matching se- 
quence in the database. In the latter case, the samples 
were reanalyzed by electrospray MS/MS and the results 
were used to search databases with MS tag. Altogether, 
we obtained identities of 50 protein spots which are com- 
piled on a master gel using an image from WY14,643- 
treated obese mice (see Fig. 3). It was found that several 

Table 1. Up-regulated proteins identified by mass spectrometry 

spots were identified as the same protein, e.g., peroxiso- 
ma1 bifunctional enzyme (spots 16, 19, 31, 34, 35 and 36 
in Fig. 3), which is not unusual in two-dimensional electro- 
phoresis. Of the 16 up-regulated spots, three were identi- 
fied as acyl CoA oxidase (ACO), six as peroxisomal 
bifunctional enzyme (PBE) and five as 3-ketoacyl-CoA 
thiolase (3KCT). Finally, two other up-regulated spots 
were identified as HMG CoA synthase (HMG CoA S) and 
adipocyte fatty acid binding protein (aFABP). For details 
on the MS analysis and identification, see Table 1. 

4 Discussion 

Proteomics offers an unprejudiced possibility to study 
global changes in the expression profile of proteins from a 
given cell or tissue, to date not provided by other tech- 
niques. Obviously, for determination of levels of selected 
proteins, other assays are preferred. For a discussion of 
the proteomics technology and its applications, see [25]. 
Here we describe the liver effects in ob/ob mice of one an- 
tihyperlipidemic drug with PPARa activation properties. 
The approach that we have taken was largely inspired by 
the proteomics work of L. Anderson and collaborators 
(Large Scale Biology, Rockville, MD) who previously ana- 
lyzed the liver effects of several peroxisome proliferators 
and PPARa-agonists in lean healthy BGC3Fl-mice (201. 
However, we were interested in mapping liver effects 

Proteins identified by MALDI-TOF and database searching using MS-Fit 

Spot No. Identity Species No. fragments Matches Coverage 6 M (ppm) Accession No. Database 

1 
16 
17 
18 
19 
22 
25 
26 
30 
32 
33 
35 

3-Ketoacyl-CoA thiolase peroxisomal ABaJ 
Enoyl-CoA h ydratase 
3-KetoacylCoA thiolase peroxisomal NBa) 
3-Ketoacyl-CoA thiolase peroxisomal ABaJ 
Enoyl-CoA hydratase 
Hydroxymethylglutatyl-CoA synthase 
Peroxisomal acyl-CoA oxidase 
Peroxisomal acyl-CoA oxidase 
3-Ketoacyl-CoA thiolase peroxisomal ABaJ 
3-Ketoacyl-CoA thiolase peroxisomal NB') 
Peroxisomal acyl-CoA oxidase 
Enoyl-CoA hydratase 

Rat 
Rat 
Rat 
Rat 
Rat 
Mouse 
Mouse 
Mouse 
Rat 
Rat 
Mouse 
Human 

10 
11 
10 
8 

11 
11 
8 

10 
6 
5 

12 
10 

70% 
73% 
60% 
63% 
63% 
73% 
63% 
60% 
83% 
60% 
67% 
60% 

26 
17 
12 
16 
10 
17 
13 
10 
16 
10 
15 
10 

30 
38 
23 
23 
36 
22 
36 
26 
35 
23 
37 
25 

P07871/P21775 
PO7896 
Po7871 IP21775 
PO78711P21775 
PO7896 
P54869 
035616 
03561 6 
P07871lP21775 
P078711P21775 
035616 
(208426 

Swiss-Prot 
Swiss-Prot 
Swiss-Prot 
Swiss-Prot 
Swiss-Prot 
Swiss-Prot 
Trembl 
Trembl 
Swiss-Prot 
Swiss-Prot 
Swiss-Pro1 
Swiss-Prot 

Proteins identified by MSMS and database-searching using MS-Tag 

Spot No. Identity Species No. fragment Matches Search mode S M (ppm) Accession No. Database 

24 fatty acid-binding protein, adipocyte Mouse 13 100.00% Homology 1070 PO4117 Swiss-Prot 
31 Enoyl-CoA hydratase Rat 9 100.00% Identity 600 PO7896 Swiss-Prot 
34 Enoyl-CoA hydratase Rat 11 100.00% Identity 280 PO7896 Swiss-Prot 
36 Enoyl-CoA hydratase Rat 9 100.00% Identity 1500 PO7896 Swiss-Prot 

ions fragments 

Both databases were updated January 17,1999. 
a) lsoforms which both meet the criteria for positive identification 
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endoplasmic reticulum 

Figure 4. Metabolic flow chart 
of peroxisomal p-oxidatiori and 
some connected metabolic 
pathways. All boxed proteins 
were found to be up-regulated 
by WY14,643, whereas ACS 
has not yet been identified on 
these gels. 

caused by both PPARa and PPARy agonists in obese di- 
abetic mice. Therefore, we started by analyzing the ef- 
fects of a well-known PPARa activator using a therapeu- 
tic dose of WY 14,643 in ob/ob mice. 

Turning to the results, we have shown that major effects 
are found among the 1500 most abundant proteins in liv- 
ers from ob/ob mice treated with WY14,643. The appar- 
ently up-regulated proteins identified were mapped on a 
metabolic flow chart and we found that three of the pro- 
teins detected (ACO, PBE; enoyl CoA hydratase and L-3- 
hydroxyacyl CoA dehydrogenase, and 3KCT) catalyze 
four out of five reactions in the peroxisomal fatty acid p- 
oxidation (Fig. 4). Missing is acyl CoA synthetase (ACS), 
a protein which we have not yet identified in our gels. Adi- 
pocyte FABP, a cytosolic protein which may facilitate the 
transport of fatty acids to peroxisomes and mitochondria, 
fits into this metabolic flow as a substrate provider. We al- 
so believe that liver FABP is up-regulated, since these 
spots turned red only in the treated samples. Such an "er- 
ratic" silver staining may possibly reflect a higher protein 
concentration. From previous experiments using Northern 
blotting, we have determined that mRNA for cytochrome 
PdS04A (CY P4A) is up-regulated by WY 14,643 (data not 
shown). CYP4A metabolizes long chain fatty acids to di- 
carboxyl fatty acids, which are preferred substrates for 
peroxisomal 0-oxidation. This enzyme is therefore includ- 
ed in the metabolic flow chart in Fig. 4. The enzymes 
identified, acyl CoA oxidase, peroxisomal bifunctional en- 
zyme, 3-ketoacyl-CoA thiolase, and CYP4A, have PPAR 
responsive elements in their promotors and are known 
markers of PPARa activation, as well as of peroxisome 
proliferation [ l ,  261. 

Taken together, the metabolic interpretation is consistent 
with the notion that WY14,643 induces peroxisomal fatty 
acid p-oxidation and the up-regulation of this metabolic 

pathway may be responsible for the therapeutic effect of 
WY14,643 on levels of triglycerides and glucose in plas- 
ma. Subsequent studies will focus on effects of other 
PPAR activators in this animal model of insulin resistance 
and diabetes. 

We are grateful to Drs. G. Camejo, T. Clernentz, J. 
Fryklund and N. Oakes for constructive criticism during 
the preparation of this manuscript. Dr. L. Anderson (Large 
Scale Biology) is acknowledged for valuable discussions 
during the course of this work. 
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Regional protein alterations in rat kidneys induced 
by lead exposure 

Lead is a potent neuro- and nephrotoxin in humans and a renal carcinogen in rats. Pre- 
vious studies have detected lead-induced increases in the activities of specific detoxifi- 
cation enzymes in distinct kidney cell types preceding irreversible renal damage. While 
preferential susceptibility of the highly vascularized cortex to the effects of lead is clear, 
lead effects on the medullary region have remained unexplored. The present study 
was undertaken to investigate the extent to which regional renal protein expression dif- 
fers and to determine which, if any, regionally distinct protein markers indicative of 
lead's renotoxic mechanism might be detected in kidney cortical and medullary cyto- 
sols. We examined protein expression in these two functionally and anatomically dis- 
tinct regions, and identified several proteins that are differentially expressed in those 
regions and were significantly altered by lead. Kidney cytosols from rats injected with 
lead acetate (1 14 mg/kg, three consecutive daily injections) were separated by two- 
dimensional electrophoresis. Lead exposure significantly (P<O.OOl) altered the abun- 
dance (either T or 1) of 76 proteins in the cortex and only 13 in the medulla. Eleven of 
the proteins altered in the protein patterns were conclusively identified either by matrix- 
assisted laser desorption/ionization mass spectrometry / electrospray ionization-mass 
spectrometry (MALDI-MSIESI-MS) analysis of peptide digests, immunological meth- 
ods, or by gel matching. Several of the cortical proteins altered by lead were 
unchanged in the medulla while others underwent similar but lesser alterations. These 
observations reflect the complexity of leads nephrotoxicity and endorse the application 
of proteomics in mechanistic studies as well as biomarker development in a variety of 
toxicologic paradigms. 

Keywords: Cortex I Cytoplasm I Two-dimensional electrophoresis / Kidney I Lead / Medulla / Pro- 

teomics / Rat 

1 introduction 

Exposure to lead is toxic to several organ systems, espe- 
cially to kidney, where high levels of lead accumulate [l, 
21. In acute exposure, lead-induced pathobiological 
changes occur primarily in the proximal tubule, where 
damage to tubular structure and function is indicated by 
the appearance of nuclear inclusion bodies and mitochon- 
drial swelling indicative of respiratory dysfunction [3-51. 
We have previously reported lead-induced increases in 
the expression of specific glutathione Stransferase 
(GST) isoenzymes in distinct kidney cell types [5]. These 
increases in specific GST protein levels were paralleled 
by increased GST enzyme activity, and they preceded 
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Laboratory, Department of Biology, Indiana University Purdue 
University-Columbus, 4601 Central Avenue, Columbus, IN 
47203, USA 
E-mail: fwitzmann@ iupui.edu 
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Abbreviations: CMI, charge modification index; GST, gluta- 
thione Stransferase; MSN. master spot number 

EL 3312 

pathobiological changes in kidney [6]. The original reports 
from our laboratories were based upon HPLC analysis of 
GSTs and were more recently confirmed using two- 
dimensional electrophoresis (2-DE) [7]. The latter has the 
inherent ability to inform about the nature of other proteins 
whose expression is influenced by lead exposure. 

Indicative of regional renal physiologic differences, histo- 
logic examination and enzyme assays confirm that the re- 
nal cortex and medulla are constitutively and biochemical- 
ly different [8] and that lead accumulation [9] and lead- 
induced damage predominates in the cortical proximal 
tubular epithelium [l, 51. Consequently, probing the effect 
of lead exposure on the expression of whole kidney ho- 
mogenate/cell fraction protein patterns may not accurate- 
ly reflect regiospecific differences in susceptibility to lead. 
This is particularly true if lead-induced protein alterations 
are regionally diametrical, hence minimizing or masking 
one another only to be overlooked in whole organ homog- 
enatekell fraction analysis. While preferential susceptibili- 
ty of the highly vascularized cortex to the effects of lead is 
clear, lead effects on the medulla remain unexplored. The 
present study was undertaken to investigate the extent to 
which lead exposure alters regional renal protein expres- 
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sion and to determine which, if any, regionally distinct pro- 
tein markers indicative of lead's renotoxic mechanism 
might be detected in kidney cortical and medullary cyto- 
sols. 

F. A. Witzmann ef a/. 

2 Materials and methods 

2.1 Reagents 
Ultrapure electrophoretic reagents were obtained from 
Bio-Rad (Richmond, CA), Sigma (St. Louis, MO), BDH 
(Poole, UK) and National Diagnostics (Atlanta, GA). Se- 
quence-grade trypsin was obtained from Roche Molecular 
Biochemicals (Indianapolis, IN). CHAPS (3-[3-cholamido- 
propyl)dimethylammonio]-1 -propanesulfonate) and dithio- 
threitol were obtained from Calbiochem (La Jolla, CA) 
and Nisopropyl iodoacetamide from Molecular Probes 
(Eugene, OR). All other chemicals used were reagent 
grade. Hsc70, hsp70, and hsp9O antibodies were ob- 
tained from StressGen (Vancouver, BC, Canada), calbin- 
din and calcineurin antibodies from Sigma, and anti-gluta- 
thione Stransferase P1 from Biotrin (Dublin, Ireland). 

2.2 Animals and sample preparation 

Sprague-Dawley male rats were bred and housed in our 
animal care facility and given access to Tekland Rodent 
Blocks and water ad libitum. Eight-week-old rats, housed 
four per cage, were injected with lead acetate: 114 mg/kg, 
three consecutive daily intraperitoneal (i.p.) injections; 
controls received physiological saline injections, i.p. Rats 
were sacrificed on day 4 by COP asphyxiation. Kidneys 
were decapsulated, and renal cortex and medulla were 
dissected. Each tissue was homogenized in five volumes 
of ice-cold 20 mM Tris-HCI, pH 7.8, 2 mM EGTA, 10 mM 
EDTA, 2 mM DlT.  Cytosols were prepared by centrifuga- 
tion at 100 000 x g for 20 min and solubilized in one vol- 
ume of a lysis buffer, pH 9.5, containing 9 M urea, 4% 
CHAPS, 1% DlT, and 2% carrier ampholytes, pH 8-10.5. 

2.3 2-DE ISO-DALT electrophoresis 

Sample proteins were resolved by 2-DE using the 20 X 

25 cm ISO-DALT* 2-D gel system (20 gels per run) [lo]. 
Ten pL of solubilized protein sample (approximately 175 
pg) were applied to each isoelectric focusing (IEF) gel 
tube; gels were run for 25 000 Vh using a progressively 
increasing voltage protocol. A computer-controlled gra- 
dient casting system was used to prepare second-dimen- 
sional SDS gradient slab gels; acrylamide concentration 
varied linearly from 11 to 17%T. First-dimension IEF tube 
gels were loaded directly onto the slab gels without equili- 
bration. Second-dimensional slab gels were run in groups 
of 20 in a DALT slab electrophoresis tank at 10°C for 18 h 

at 160 V. Following SDS electrophoresis, slab gels were 
stained for protein using a colloidal Coomassie Blue 
G-250 procedure [ l l ]  for approximately four days, after 
which equilibrium intensity was achieved. 

2.4 Western blotting and immunological 

Protein patterns on replicate gels were electroblotted for 
immunological identification of calbindin, calcineurin 
(calmodulin-dependent protein phosphatase), GST, 
hsc70, hsp70, and hsp9O. Proteins were transferred from 
gels slabs onto PVDF membranes (in 49 mM Tris - 39 mM 
glycine buffer with 0.04% SDS and 20% methanol, pH 
9.2) using a semidry transfer cell for 37.5 Vh at room tem- 
perature. The PVDF membranes were then washed and 
blocked with several exchanges of 0.3% Tween-20 in 
PBS and incubated with primary antibody. Blots were 
washed with 0.3% Tween-20 in PBS, incubated with an 
alkaline phosphatase-conjugated secondary antibody and 
visualized using BCIP/NBT alkaline phosphatase sub- 
strate (Sigma FasP tablets). Following visualization, all 
blots were rinsed with water and scanned as described 
below. They were then air-dried, blocked with 0.3% 
Tween-20 in PBS, rinsed with water, and stained with 
solubilized colloidal gold reagent [12]. 

techniques 

2.5 Mass spectrometric protein identification 

Other proteins whose expression was affected by lead 
(aldose reductase, a,-microglobulin, aflatoxin B, alde- 
hyde reductase, sorbitol dehydrogenase, transferrin, and 
transketolase) were excised from the gels and minced. 
Acrylamide pieces were rinsed with 50 mM ammonium bi- 
carbonate/acetonitrile (1 :1, v/v), dried, rehydrated in DTT, 
and alkylated with Nisopropyl iodoacetamide (100 mM in 
50 mM ammonium bicarbonate). After removal of excess 
buffer, gel slices were dried, rehydrated in the presence 
of sequencing grade trypsin, and digested overnight at 
37°C. Peptides were eluted using 5% formic acid/50% 
acetonitrile. Matrix-assisted laser desorptiorVionization 
mass spectrometry (MALDI-MS) was done using a Per- 
Septive Biosystems Voyager RP-DE instrument (Persep- 
tive Biosystems, Framingham, MA). Ion spray/nanoelec- 
trospray MS and MSlMS measurements were performed 
on a Sciex API-Ill LC/MS/MS triple quadrupole instru- 
ment (Perkin-Elmer Biosystems and Sciex). MS results 
were analyzed using MassMap (Finnigan) and Peptide- 
Search (EMBL) programs [13]. 

2.6 Gel pattern analysis 

Stained gels were optically scanned at 121 micron resolu- 
tion using a CCD scanner and images were processed as 
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and 716 in the medulla cytosol (Fig. 2). Regional compari- 
son of gene expression in normal, untreated rats appears 
in detail elsewhere [7]. Briefly, the abundance of 122 pro- 
teins differed significantly (Pc0.001) between the two re- 
gions, with 82 proteins higher in cortex and 40 higher in 
medulla. Of these, 30 proteins were found to be unique to 
one region or the other (26 in cortex and four in medulla). 
Absent from the control cortical pattern, but detectable in 
medulla, was aldose reductase, while sorbitol dehydro- 
genase was more abundant in cortex. Aflatoxin B1 alde- 
hyde reductase, hsp90, GSTPl native and (-2) subunits, 
and transferrin were all more abundant in normal medul- 

described [14]. Groupwise statistical comparisons were 
made to screen for protein alterations (Student T-test). 
Charge modification index (CMI). calculated as described 
[15], is a numerical description of the overall average 
number of charges added per protein molecule and is 
thus an excellent estimate of the degree to which a pro- 
tein is chemically (i.e., post-translationally) modified. 

3 Results and discussion 

An average of 727 protein spots were resolved and 
matched to the cortex cytosol reference pattern (Fig. 1) 

J 

.. . 
' '613 

. * .. i .---. ; , 
0 0 0 0  . ... 

617 

. 280. 

. o  

- .  

0 

0 

0 
0 

0 0 
15 -76 0 0  

00 .o O OM 0. 

0 8 0  O O O O  
O O  0 0 0  0 0  O D 0  

0 O 0  

0 

KDNYCOR%EX-2 
Figure 1. 2-DE map of rat kidney cortex cytosol master pattern highlighting the coordinate positions and master spot num- 
ber (MSN) of 76 proteins whose abundance was altered by lead acetate exposure (P<O.OOl). Proteins with MSN 85, 151, 
215, 241, 270, 276, 282, 290, 324, 370, 372, 382, 389, 394, 419, 438, 482, 489, 500, 526, 552, 577, 613, and 617 were 
detected only in controls while proteins with MSN 733, 734, 735, 749, 756, 768, 769, 779, 784, 795, 800, 801, 804, 814, 
and 818 were detected only in 2-D gels from the lead-exposed group. 
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0 

KDNYMEDULLA 2 
Figure 2. 2-DE map of rat kidney medulla cytosol master pattern highlighting the coordinate positions and MSN of 13 pro- 
teins whose abundance was altered by lead acetate exposure (P<O.OOl). Proteins with MSN 115, 21 1, 245, 296,480, 600, 
and 732 were detected only in controls while proteins with MSN 737, 741, and 746 were detected only in 2-D gels from the 
lead-exposed group. 

lary cytosol than cortex. Conversely, a,-microglobulin, ar- 
gininosuccinate synthase, calcineurin, calbindin, GST 
(-l), and sorbitol dehydrogenase were more abundant in 
the cortex. 

Lead exposure significantly (PeO.001) altered the abun- 
dance of 78 proteins in the cortex (42 increased and 36 
decreased; Table 1) and 16 proteins in the medulla (ten 
increased and six decreased; Table 2). Of the cortical 
proteins altered by lead exposure, 24 were rendered un- 
detectable in the lead-exposed group while 15 previously 
undetectable proteins were observed. In the medulla, 

eight proteins seen in control rats were undetectable after 
lead exposure whereas three previously undetectable 
proteins appeared in the lead-exposed group. Tables 1 
and 2 include the identified proteins found in the two kid- 
ney regions while Table 3 lists only the identified proteins, 
comparing the lead effect and indicating the method of 
identification for each. Notable comparative lead-induced 
alterations include major increases in aldose reductase, 
aflatoxin 6, aldehyde reductase, and transketolase; major 
declines in a2-microglobulin and in cortical argininosucci- 
nate synthase but not medulla (where it was already sig- 
nificantly lower); cortical increase in hsp90 (but not me- 
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Table 1. Rat kidney cortex cytosol proteins altered by lead exposure 

MSNa) ID Mean control Mean lead PROB~) Yo of 
abundance abundance Control 

5 
8 

11 
13 
15 
18 
21 
23 
24 
26 
27 
28 
30 
36 
37 
43 
44 
48 
51 
56 
57 
60 
64 
67 
69 
75 
76 
77 
78 
79 
85 
96 
97 
99 

103 
104 
106 
109 
112 
114 
120 
149 
156 
166 
169 
176 
196 
201 
206 
212 
234 
235 
244 
246 

Transferrin 

Transketolase 

hsp90 

Calbindin 

Argininosuccinate synthase 
Calcineurin 

a,-Microglobulin 

Aflatoxin El1 aldehyde reductase 

Calcineurin 

al-Microglobulin 

hsp90 

Sorbitol dehydrogenase 

GSTPl 

78,810 
48,860 
38,220 
10,310 
40,320 
11,980 
4,857 
5,879 

16,170 
25,820 
22,880 
36,090 
19,080 
21,430 
41,010 
6,733 
9,538 

69,860 
8,703 

22,800 
9,309 

19,410 
69,570 
17,270 
44,850 
31,240 
44,130 
7,868 
7,718 
4,134 
9,675 
8,858 
5,111 
2,140 
7,393 
6,249 
6,571 
3,381 

35,430 
11,410 
3,934 

15,480 
3,568 
2,747 
3,259 
4,969 
2,541 
2,700 
1,261 
5,163 
3,173 
3,553 
4,194 
1,749 

57,250 
32,600 
46,390 

6,685 
52,690 

9,000 
7,548 
3,812 

11,420 
18,370 
7,986 

27,770 
15,930 
12,910 
30,810 

1,174 
6,807 

15,380 
3,340 

18,290 
7,164 

11,310 
5,977 

23,150 
99,810 
2,358 

35,440 
4,821 
5,503 
7,536 

14,850 
4,435 
3,173 
8,669 
4,652 
4,099 
5,740 

28,470 
8,521 
2,484 

23,920 
975 

1,475 
9,337 
6,809 
4,586 

10,440 
523 

7,351 
6,039 
7,297 
3,541 
2,882 

- 

0.009 
0.0005 
0.0002 
0.0009 
0.0008 
0.0006 
0.008 
0.00007 
0.00008 
0.0001 
0.0003 
0.0002 
0.0008 
0.0007 
0.0002 
0.00002 
0.0003 
0.00002 
0.0001 
0.0001 
0.001 
0.00009 
0.00001 
0.0002 
0.000002 
0.00005 
0.0003 
0.0004 
0.0005 
0.0006 
NA 
0.00007 
0.001 
0.03 
0.0009 
0.002 
0.00002 
0.00004 
0.0004 
0.0005 
0.00009 
0.0003 
0.00002 
0.0004 
0.000004 
0.0008 
0.0004 
0.00004 
0.00008 
0.0006 
0.00005 
0.0001 
0.0008 
0.0005 

73 
67 

121 
65 

131 
75 

155 
65 
71 
71 
35 
77 
83 
60 
75 
17 
71 
22 
38 
80 
77 
58 
9 

134 
223 

8 
80 
61 
71 

182 
NA 
168 
87 

148 
117 
74 
62 

170 
80 
75 
63 

155 
27 
54 

286 
137 
180 
387 
41 

142 
190 
205 
84 

165 
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Table 1. continued 

MSNa’ ID Mean control Mean lead PROB~) O h  of 
abundance abundance Control 

263 
272 
296 
300 
31 3 
31 9 
338 
339 
340 
353 
383 
410 
41 4 
448 
464 
490 
493 
509 
537 
64 1 
705 
735 
743 
756 
761 
762 
804 
805 
840 

GSTPl 

hsp70 

Aldose reductase 

GSTP1 

GSTPl 

1,965 
3,613 
5,658 
1,129 
2,167 
1,632 
2,492 
1,007 
1,208 
1,326 
1,081 
415 
880 
374 
825 
730 
352 
839 

1,323 
284 
51 2 

374 

432 
673 

8,549 

- 

- 

- 

- 

8,542 
2,028 

35,280 
354 
538 

9,301 
9,515 
1,320 
2,218 
2,147 
2,450 

134 
3,201 

177 
1,172 
2,107 
924 
665 

2,117 
702 

1,565 
37,465 

1,812 
4,666 
1,306 
1,385 
9,962 

50,950 
946 

0.0009 
0.0001 
0,000005 
0.00005 
0.00003 
0.000007 
0.0000 1 
0.02 
0.0005 
0.0004 
0.0005 
0.00005 
0.00003 
0.0002 
0.0003 
0.0005 
0.0007 
0.0005 
0.00004 
0.0003 
0.0004 
NA 
0.0001 
NA 
0.0002 
0.0006 
NA 
0.0001 
NA 

435 
56 

624 
31 
25 

570 
382 
131 
184 
162 
227 
32 

364 
47 

142 
289 
262 
79 

160 
247 
306 
NA 
484 
NA 
302 
206 
NA 
596 
NA 

a) MSN, Master spot number 
b) PROB, probability, significance level 
NA, not applicable 

dulla where it was already elevated); cortical decline in 
transferrin but not medulla; decreased sorbitol deydroge- 
nase, calbindin and calcineurin in cortex but not in medul- 
la, where all were already significantly lower. 

Cytosolic GSTP1 was resolved as three or four charge 
variants due to chemical charge modification of the native 
form (71. The magnitude of this modification, calculated as 
CMI, is shown in Fig. 3. CMI in cortex is greater than in 
medulla but was altered by lead only in the cortex. Total 
GSTPl abundance (sum of individual charge variant 
abundances) was the same in cortex and medulla from 
untreated rats. Lead exposure increased GSTPl abun- 
dance in both regions and had a significantly preferential 
effect on cortical GSTPl (3-fold increase) compared to 
medulla (2-fold). 

Five principal findings arose from this study: (i) 30 pro- 
teins were found to be unique to either renal cortex or me- 

dulla; (ii) lead administration altered the expression of 
10% of the detectable cortical proteins and 2% of the pro- 
teins detected in medulla; (iii) lead administration caused 
an almost equal number of increases and decreases in 
specific cortical proteins; (iv) the largest changes ob- 
served were in the abundances of a2-microglobulin (down 
ninety percent in cortex and not detectable in medulla), al- 
dose reductase (detectable in cortex only following lead 
administration and increased more than 20-fold in medul- 
la after lead administration), GSTP, which increased six- 
fold in cortex after lead treatment, and aflatoxin B, alde- 
hyde reductase (twofold increase in both cortex and 
medulla); and (v) lead administration altered the post- 
translational modification of GSTP in renal cortex. 

Among proteins that were detected in unexposed renal 
medulla, but not renal cortex, was aldose reductase. This 
finding is consistent with a previous report that aldose re- 
ductase mRNA levels in cortex are only one percent of 



Lead exposure - regional kidney alterations 369 

Table 2. Rat kidney medulla cytosol proteins altered by lead exposure 

MSNa) ID 
~ 

Control Lead PROBb) Yo of 
abundance abundance Control 

26 10,780 7,255 0.0006 67 
54 4,440 8,281 0.00009 187 
66 Aflatoxin B1 aldehyde reductase 47,716 91,227 0.00004 191 

115 13,60 1 - NA NA 
137 7,069 5,324 0.0002 75 
153 3,645 7,141 0.00005 196 
165 GSTP1 11,076 27,784 0.00006 251 
170 3,180 1,214 0.0003 38 
207 1,482 670 0.00007 45 
237 3,229 7,516 0.00005 233 
245 a,-rnicroglobulin 4,014 - NA NA 
503 581 1,092 0.0005 188 
587 41 6 730 0.0005 175 
651 863 2,020 0.0001 234 
703 Aldose reductase 1,185 24,634 0.006 2079 
748 - 6,178 NA NA 

a) MSN, Master spot number 
b) PROB, probality, significance level 
NA. not applicable 

Table 3. Identification of proteins in rat kidney cortex and medulla cytosols 

Identification 

__ 

Cortex Medulla 
MSN”) %of MSN %of %Masses % Sequence from database 

Control Control matched Coverage 

Actin, beta 
Actin, gamma 
Aflatoxin 81 aldehyde reductase 
Aldose reductase 
a2-microglobulin 
a,-microglobulin 
Argininosuccinate synthase 
Calbindin 
Calcineurin 
Calcineurin 
GSTPl 
GSTP1 
GSTP1 
GSTPl 
hsc70 
hsc70 
hsp70 
hsp9O 
hsp90 
Sorbitol dehydrogenase 
Transferrin 
Transketolase 

11 
19 
69 

735 
64 
85 
48 
36 
51 
78 

149 
296 
756 
840 

12 
16 

339 
21 
99 

114 
8 

15 

121 
9 

223 
NDC~) 

9 
NDL~) 
22 
60 
38 
71 

155 
624 
NDC 
NDC 
84 
98 

131 
155 
148 
75 
67 

131 

13 
20 
66 

703 
56 

245 
132 
135 
164 
134 
142 
165 
751 
ND 

2 
167 
62 
4 

34 
225 

8 
23 

97 
107 
191 

2079 
9 

NDL 
40 
71 
90 
98 

152 
251 
194 

103 
119 
114 
78 
88 
82 
75 

111 

ND 

- 
37 
36 
58 
58 
58 
- 

- 
- 
54 
58 
56 

- 
19 
13 
32 
32 
12 
- 

- 
- 
26 
12 
18 

HPGM~) 
HPGM 
(R)FYAFNPIAGGLLTGR(Y) 
(K)MPLVGLGTWKSSPGQVK( E) 
(K)NGETFQLMVLYGR(T) 
(K)NGETFQLMVLYGR(T) 
(K)QHGIPIPVTPK(S) 
Ige’ 
lg 
lg 
lg 
lg 
kl 
lg 
lg 
lg 
lg 
lg 
4 
(R)LENYPIPELGPNDVLLK(M) 
(K)LPEGlTYEEYLGAEYLQAVGNIR(K) 
(R)TSRPENAllYSNNEDFQVGQAK(V) 

a) MSN, Master spot number 
b) NDC. not detected in controls 
c) NDL, not detected in lead-exposed 
d) HPGM, identified by homologous position, gel matching 
e) lg, identified immunologically 
Coverage refers to the amino acids in identified peptide sequences as a % of all amino acids in the protein. 
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Figure 3. The effect of lead acetate on total GSTPl abundance and GSTPl CMI r), mean (n=5) cortical GSTPl is signifi- 
cantly different (P< 0.05) from medullary GSTP1 in controls. r), only cortex GSTPl CMI undergoes a significant decline 
with lead acetate exposure (P< 0.05). (#), Total GSTP1 abundance increased by lead, (a), preferentially in cortex. 

those in medulla 1161. The detection of aldose reductase 
only in the medulla is consistent with published enzymatic 
data and recognized osmotic conditions in that region of 
the kidney where aldose reductase functions in the 
NADPH-dependent conversion of glucose to slowly diff u- 
sible sorbitol, which maintains osmotic balance during an- 
tidiuresis [17]. Medullary cells are exposed to far greater 
extracellular osmotic pressure than the isotonic cortical 
region and increases in sorbitol production selve to main- 
tain the cellular integrity of renal medulla. It has been 
shown that aldose reductase decreases during diuresis, 
while sorbitol dehydrogenase increases. During antidiure- 
sis, aldose reductase increases, while sorbitol dehydro- 
genase activity remains low [la]. Two possible mecha- 
nisms for aldose reductase induction by lead are 
suggested by the literature. Studies of aldose reductase 
promoter regions have identified a tonicity-responsive ele- 
ment; this would account for induction under conditions of 
antidiuresis which would follow dehydration [19]. How- 
ever, following lead treatment, aldose reductase abun- 
dance increased (and sorbitol dehydrogenase abundance 
decreased) to a greater extent in renal cortex than in me- 
dulla, where the highest interstitial osrnolarity normally oc- 
curs. Recent (unpublished) results from a separate study 
conducted in this laboratory indicate normal blood osmo- 
larity in rodents exposed to lead as described here. It is 
thus unlikely that dehydration and increased cortical os- 
molarity underly the lead-associated alterations. An alter- 
native explanation lies in a report that oxidative stress 
causes induction of aldose reductase in smooth muscle 
cells and that this confers protection against the cytotoxic 
effects of aldehyde products of lipid peroxidation [20]. 

This may also explain the significant induction of the che- 
moprotective aflatoxin B, aldehyde reductase, aldose re- 
ductase's relative in the aldo-keto reductase superfamily 
AKRl [21]. Lead-related oxidative stress could thus ac- 
count for reductase induction though we have no direct 
evidence to support this notion. 

Oxidative stress has also been shown to induce transke- 
tolase (22). Induction of transketolase, an enzyme which 
catalyzes a key step in the nonoxidative stage of the pen- 
tose phosphate pathway, may represent adaptive in- 
crease in the generation of NADPH to regenerate GSH 
under conditions of oxidative stress. An antioxidant re- 
sponse element (ARE) sequence has been identified in 
the promoter region of the GSTP gene and its induction 
by oxidative stress would be expected [23] and could ex- 
plain the increased abundance of GSTPl. Because 
GSTPl and aflatoxin B, aldehyde reductase belong to a 
set of genes similarly responsive to certain xenobiotics, 
their induction by lead may somehow be related [24]. Met- 
abolic stress, in addition to osmotic stress, may explain 
the elevated constitutive expression of hsp90, a promi- 
nent cytosolic stress protein, in medulla. 

Argininosuccinate synthase catalyzes the condensation 
reaction between citrulline and aspartate to form arginino- 
succinate (primarily in proximal tubule). Decreased argini- 
nosuccinate synthase abundace (4.5-fold) suggests im- 
pairment of mitochondria1 activity as a consquence of 
lead-mediated mitochondrial dysfunction [25, 261. The im- 
pairment of mitochondrial structure and function is known 
to play an important role in lead-related nephrotoxicity [ l ] .  



The dramatic decline in a,-microglobulin may be the re- 
sult of its increased excretion following lysosomal proteol- 
ysis [2]. Lead-related decreases in this protein stand in 
marked contrast to its previously reported accumulation 
by a variety of aromatic toxicants which bind to a,-micro- 

globulin, inhibiting its lysosomal degradation in the neph- 
ron [27]. 

4 Concluding remarks 

The impact of lead on cellular calcium homeostasis has 
been demonstrated repeatedly but is not completely un- 
derstood. Our observation of the nearly twofold decrease 
in levels of the calcium-binding protein calbindin and the 

calmodulin-dependent protein phosphatase calcineurin is 
similar to the inhibition by lead of 1,25dihydroxyvitamin 

D3-stimulated synthesis of calcium-binding proteins in 
bone cells [27] and presumably reflects a perturbation of 
calcium homeostasis in the renal cortex. We have detect- 
ed and quantified numerous regionally distinct protein 
markers indicative of lead's renotoxicity in kidney cortical 
and medullary cytosol. Some prominently altered proteins 
have been identified. Further investigation of these lead 

effects via additional systematic protein identification 
combined with a lead dose-response approach in all cell 
compartments as well as whole-tissue homogenates is 

underway. 
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Functional proteomics of signal transduction by 
membrane receptors 

Functional proteomic methods have been developed and applied to the investigation of 
signal transduction systems involving platelet-derived growth factor (PDGF), endothe- 
lin and bradykinin receptors. Mouse fibroblast cells have been stimulated with PDGF 
or endothelin. Phosphorylation/dephosphorylation of several hundred proteins has 
been followed as a function of time following stimulation using 2-D gel electrophoresis 
and anti-phosphotyrosine or anti-phosphoserine antibodies. Up to 100 of these pro- 
teins showed strong changes in phosphorylation with minutes of receptor stimulation. 
Identification of some of these proteins by mass fingerprinting using matrix-assisted 
laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry and by par- 
tial peptide sequencing with ion trap electrospray mass spectrometry has identified 
proteins which were previously known to be associated with PDGF signaling, proteins 
which have been shown to be involved in other signaling pathways, but not PDGF and 
proteins not previously associated with signal transduction. Parallel to these studies, 
new methods for rapid, single-step isolation of peptide receptors using a peptide cou- 
pled to a (dA)= oligonucleotide have been developed and applied to mass spectromet- 
ric studies of post-translational modifications of the endothelin B and bradykinin El2 
receptors under in vivo conditions. Both receptors have been shown to undergo exten- 
sive phosphorylation as well as palmitoylation. The patterns of post-translational modi- 
fications are more complex than previously recognized and provide new indications of 
possible roles for these modifications in the regulation and response of these recep- 
tors. 
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1 Introduction 

One of the most characteristic features of eukaryotic cells 
is the presence of sophisticated signal transduction sys- 
tems which regulate responses to the cellular environ- 
ment and/or are involved in physiological control in higher 
organisms. The prototypic cellular signal transduction 
system involves a protein receptor in the cellular mem- 
brane which acts as a signal sensor through binding of ef- 
fector molecules at the external surface of the cell and 
subsequently acts as a signal transducer. The signal 
response often involves changes in interactions of the 
receptor with cellular proteins (e.g., G-proteins in the case 
of G-protein-coupled receptors), as well as post-transla- 
tional modifications of the receptor itself, e.g., changes in 
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flight 
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phosphorylation and/or acylation of the receptor. These 
initial signal responses are typically coupled to cascades 
of further responses that may involve large numbers of in- 
tracellular proteins and may culminate in changes in the 
expression of genetic information via altered protein 
synthesis. In many cases these processes also involve 
complex feedback systems, e.g., the desensitization and 
resensitization of the cellular receptor itself [1-4]. 

Recent analyses suggest that only a small percentage 
(ca. 2 %, [5]) of diseases based on genetic defects are 
likely to be monogenomic. Similar indications that cellular 
systems are based on complex networks of interactions 
with potentially high levels of redundancy seem to be in- 
herent in the large numbers of gene knockout experi- 
ments for which no obvious phenotypic characteristics 
are apparent [6, 71. Furthermore, although the ultimate 
adaptation of a cellular system to its environment certainly 
involves expression of genetic information, it is clear that 
in many signal transduction systems complex responses 
involving large numbers of intracellular proteins occur 
without direct, immediate involvement of new protein 
synthesis. These considerations lead to the conclusion 
that many aspects of cellular systems will not easily be 
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and for bradykinin receptor expressed in transfected Chi- 
nese hamster ovary cells reveal patterns of post-transla- 
tional modifications which are substantially more complex 
than previously suspected. 

amenable to analysis by genomic methods and they em- 
phasize that understanding of cellular signal transduction 
systems will require methods for sensitive, highly parallel 
analysis of large numbers or proteins, i.e. proteomics 
[8, 91. 

The term proteomics seems in present vernacular to be 
synonymous with attempts to map all cellular proteins on 
2-D gels. In attempting to establish proteomic methods 
for analysis of signal transduction systems, it did not 
seem sensible to identify many thousand proteins on 2-D 
gels prior to investigating the interesting cellular phenom- 
ena and we were therefore interested in establishing 
methods which would allow the analyses to concentrate 
on proteins which are more or less directly involved in the 
signal transduction system of interest. Since phosphoryla- 
tion of proteins is known to be a common characteristic of 
signal transduction systems, following 2-0 electrophore- 
sis of total cellular proteins, we have used anti-phospho- 
tyrosine and anti-phosphoserine antibodies to detect 
large numbers (several hundred) of phosphorylated cellu- 
lar proteins. Since for signal transduction systems it is 
possible to initiate a specific cellular response at a defined 
time through stimulation of the membrane receptor of in- 
terest, large numbers of proteins involved in signal trans- 
duction pathways have been detected from the kinetics of 
phosphorylation/dephosphorylation following receptor 
stimulation. These proteins have been identified using a 
combination of mass fingerprinting via MALDI-TOF mass 
spectrometry and partial peptide sequencing using ion 
trap electrospray mass spectrometry. Examples are given 
for fibroblasts following stimulation with either platelet-de- 
rived growth factor (PDGF) or endothelin. The results 
which have been obtained suggest that the use of similar 
selective stimulation and detection strategies will in many 
cases be more efficient than trying to map all cellular pro- 
teins and leads us to suggest that the term 'Yunctional 
proteomics" is appropriate to characterize strategies 
based on selective excitation and observation of specific 
cellular networks of functionally interacting proteins. 

In addition to identifying protein components of cellular in- 
teraction networks, in many cases it will be essential to 
identify post-translational modifications of individual pro- 
teins in detail. This is especially true for receptors of sig- 
nal transduction systems where modifications such as 
phosphorylation or acylation of the receptor are known to 
play decisive roles in coupling to signaling pathways, de- 
sensitization, internalization and resensitization l l ] .  We 
have recently established new methods for single-step, 
very mild isolation of peptide membrane receptors that 
yield sufficient highly pure receptor for characterization of 
post-translational modifications by mass spectrometry. 
Results obtained for endothelin receptor from bovine lung 

2 Materials and methods 

2.1 Cell culture 

Mouse fibroblasts (NIH 3T3 cells) were cultured in DMEM 
media supplemented with 10% fetal bovine serum, 100 
unitdmL of penicillin and 100 pglmL of streptomycin in a 
water-saturated, 10% COP atmosphere at 37OC in 75 cm2 
polystyrene petri dishes. Confluent cultures were made 
quiescent by extensive washing with PBS and subse- 
quently by switching to DMEM media containing 0.5% 
fetal calf serum for 24 h. Chinese hamster ovary (CHO) 
cells transfected with rat bradykinin B2 receptor cDNA 
[lo] were grown in Ham's F12 medium containing 10% 
fetal calf serum, and 50 pg/mL of streptomycin in a water- 
saturated, 5% C02 atmosphere at 37°C. Cells grown to 
80% confluency were harvested for membrane prepara- 
tion by scraping in 100 mM NaCI, 10 mM Pipes at pH 6.8. 
The cells obtained were washed twice with the same buf- 
fer and subsequently resuspended in 2 mM EDTA, 10 mM 
Pipes at pH 6.8. All subsequent steps were carried out 
at 4OC. Cell rupture was performed by Ultra-Turrax (IKA- 
Labottechnik, Staufen, Germany) at 20000 rpm for 
2 min. Membranes were collected by centrifugation at 
30 000 x g for 10 min and resuspended in 100 mM NaCI, 
2 mM EDTA, 10 mM Pipes at pH 6.8 to a final protein con- 
centration of 2 mg/mL. The membrane suspension was 
stored at -8OOC. 

2.2 PDGF induction 

Quiescent NIH 3T3 cells were incubated with or without 
platelet derived growth factor 6 (PDGF-B; 50 ng/mL) for 
various periods of time at 37OC. After the induction time, 
the cells were washed twice with ice-cold PBS containing 
30 mM sodium pyrophosphate, 50 mM NaF, 100 mM Na, 
V04.  The cells were lysed with 240 pL of buffer containing 

100 p~ Na3 V04, 1 mM NaF, 2 mM EDTA, 1 mM sodium 
pyrophosphate, Complete'" mini protease inhibitor cock- 
tail and DNAse VRNAse A cocktail (DNAse I, 25 pg/mL; 
RNAse A, 7 pg/mL; Boehringer Mannheim, Germany). 
After centrifugation at 14 000 rpm for 20 min at 4OC, the 
proteins in the supernatant were precipitated by addition 
of 80% v/v of cold acetone and maintenance on ice for 
40 min. The precipitated proteins were collected by centri- 
fugation at 14 000 rpm for 20 min at 4OC and subsequent- 
ly were dissolved in 200 pL of IEF sample buffer contain- 
ing 7 M urea, 2 M thiourea, 4% CHAPS, 1% Triton X-100, 

0.3 % SDS, 200 mM DTT, 28 mM Tris-HCI, 22 mM Tris, 
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0.8% Pharmalyte 3-10, 1% DTT, 20 mM Tris and 5 mM 

Pefabloc. The dissolved proteins were stored at -8OOC. 

2.3 2-D electrophoresis and immunobiot 

Ready-to-use lmmobiline Drystrips, pH 4-7, were reswol- 
len overnight in 250 pL of protein solution (750 pg of pro- 
teins for Coomassie Brilliant Blue staining and 300 pg of 
proteins for immunoblotting). The IEF was carried out to a 
total of 70 kVh. Prior to SDS gel electrophoresis the gels 
were incubated in a solution of 10 mg/mL of D'IT in equili- 
bration buffer for 20 min and subsequently in a solution of 
45 mg/mL of iodoacetamide in the same buffer for 20 min. 
SDS-PAGE was performed in 11 5% polyacrylamide gels 
(160 x 140 x 1 mm) at 1l0C at a constant current of 
50 mA for 3 h. Gels were stained with Coomassie Brilliant 
Blue or a Sigma Rapid Silver Staining Kit (Sigma, 
St. Louis, MO, USA). Proteins from SDS-PAGE were 
electroblotted onto a nitrocellulose membrane (Schleicher 
and Schuell, Dassel, Germany ). The blot was incubated 
with anti-phosphoserine antibody at a 1:250 dilution or an- 
tiphosphotyrosine antibody at a 1 :200 dilution in 3% BSA 
in TBS at room temperature for 2 h. The protein-antibody 
complexes were visualized with alkaline phosphatase- 
conjugate goat anti-mouse immunoglobulin G at a 1:5000 
dilution and stained with nitro1 blue tetrazolium and 5-bro- 
mo-4-chloro-3-indolyI phosphate (ready-made solution 
from Boehringer, Mannheim, Germany). Gels and blots 
were scanned using an OmniMedia Scanner 12cx (XRS, 
Torrance, CA, USA) and UMAX UC1260 (UMAX Data 
System, Hsinchu, Taiwan) ROC scanner. Image analysis 
and spot matching were performed using the software 
package from Biolmage (Ann Arbor, MI, USA) on a Sun 
workstation or the NIH Image program available at the 
NIH web site (http://rsb.info.nih.gov/nih-image). For deter- 
mination of the p l  we used the values specified by the 
manufacturer of the p l  strips (Pharmacia, Uppsala, Swe- 
den). 

analysis 

2.4 Synthesis of a poiyadenyiated receptor 

Endothelin-1 and Met-Lys-bradykinin derivatized with 
N(E-maleimidocaproyloxy)succinimide (EMCS) at the 
E -NH~ group of Lys were prepared by a recently described 
synthesis [ l  11. The resultant N(e-maleimidocaproy1oxy)- 
succinimide-endothelin-1 (EMC-ET) and N(e-male- 
imidocaproy1oxy)succinimide-Met-Lys-bradykinin (EMC- 
MKBK) were purified on an Aquapore RP-300 (Applied 
Biosysterns, Foster City, CA, USA) column using a gra- 
dient of &70% acetonitrile in 0.1% trifluoroacetic acid. 
(dA)&'-SS-R was used for attachment of a 30-mer 
(dA) to EMC-ET and EMC-MKBK [ l l ] .  The resultant 

I i g a n d s 

(dA),-5'-S-N(e-maleimidocaproyloxy)succinimide-endo- 
thelin and (dA)3&'-SN(e-maleirnidocaproyloxy)succini- 
mide-Met-Lys-bradykinin were purified on a Sephasil C18 
column (Pharmacia, Freiburg, Germany) by applying a 
linear gradient of 2-70% acetonitrile in 0.1 M triethylam- 
monium acetate, 2 mM Bu4NHS04. 

2.5 Affinity purification of endotheiin A, 
endothelin B and bradykinin B2 receptor 

Frozen bovine lung membranes containing endothelin 
receptors were thawed and suspended in two volumes of 
20 mM potassium phosphate, pH 7.4, containing 0.40% 
digitonin, 0.25% CHAPS, 0.5 M NaCI, 20 mM EDTA, 1 pg/ 
mL RNase, and protease inhibitors [12]. CHO membran- 
es containing B2 receptor (600 pL) were suspended in 
two volumes of 20 mM potassium phosphate, pH 7.4, 
containing 4 m M  CHAPS, 500 mM NaCI, 20 mM EDTA. 
For either membrane preparation, the mixture was 
gently stirred at 4OC for 1 h and was then centrifuged 
at 100 000 x g for 1 h at 4OC. The supernatants were 
incubated with 0.2 nmol of (dA)%-Y-S-EMC-ET or (dA)30- 
5'-S-EMC-MKBK for 1 h at 4OC, 30 mg of oligo-(dT)-cellu- 
lose was added and the suspension was gently agitated 
at 4OC for 2 h. The oligo-(dT)-cellulose was pelleted by 
centrifugation (4OC, 1000 x g, 5 min) and packed into a 
micro column. The column was washed with 10 mL of buf- 
fer A at 4OC and afterwards eluted with 10 mM Tris-HCI, 
pH 7.4, 4 mM CHAPS, 1 m M  EDTA. Fractions (50 pL 
each) containing receptor were identified by SDS-poly- 
acrylamide gel electrophoresis and immunoblot analysis. 

2.6 SDS-PAGE and in-gel tryptic protein 

Ten mL of each fraction from the oligo-(dT)-cellulose col- 
umn were mixed with an equal volume of sample buffer 
containing 6% SDS, 10% v/v 2-mercaptoethanol,20% v/v 
glycerol, 0.01% bromophenol blue, and 0.25 M Tris-HCI, 
pH 6.8, and brought to 95OC for 2 min. Electrophoresis 
was performed in 10 or 12.5% polyacrylamide gels in the 
presence of 0.1% SDS at a constant current of 40 mA for 
1.5 h. The resolved proteins were visualized by Coomas- 
sie Blue staining. After visualization, the gel was de- 
stained with a solution of 25 mM ammonium bicarbonate I 
50% acetonitrile. The band corresponding to either the 
endothelin receptor or the bradykinin B2 receptor was ex- 
cised and digested in the gel according to [13] as modified 
previously [ l l ] .  

digestion 

2.7 Mass spectrometric analysis 

For MALDl mass spectrometry, samples were dissolved 
in 5 pL of 50% acetonitrile, 0.1% trifluoroacetic acid (TFA) 
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ous times and the total cellular proteins were separated 
by 2-D electrophoresis. Although we have presently limit- 
ed our 2-D electrophoretic analysis to pl4-7 and molecu- 
lar size range of 15-120 kDa, about 3000 protein spots 
could be detected in gels stained with silver or Coomassie 
Blue (Fig. 1). This is in line with estimates that although 
the mouse genome may contain 50-100 000 proteins, a 
much smaller number is likely to be expressed and de- 
tected by 2-D gel electrophoresis in a particular cell type 
[15]. Although various proteome projects to obtain 2-D 
maps of the several thousand proteins in a given cell type 
are currently in progress, this is still a formidable task. We 
have therefore started our analysis of the responses to 
stimulation of the PDGF receptor by identifying proteins 
containing phosphoserine and phosphotyrosine using de- 
tection with anti-phosphotyrosine and anti-phosphoserine 
antibodies on immunoblots obtained for gels from unsti- 
mulated cells and for gels from cells with termination of 
stimulation at 3, 5, 10, and 20 min (Fig. 2). We observed 
at least 260 proteins containing phosphotyrosine; at least 
44 proteins in the Tyr series showed strong intensity 
changes as a function of time after stimulation with 
PDGF. Parallel studies involving phosphorylation at Ser 
residues revealed that with these methods about 300 pro- 
teins could be observed and that about 50 of these pro- 
teins showed changes in phosphorylation following stimu- 
lation with PDGF (Soskic eta/., submitted). 

and sonicated for several minutes. Aliquots of 0.5 pL were 
applied to a target disk and allowed to air-dry. Subse- 
quently, 0.3 pL of matrix solution (1% w/v of a-cyano-4- 
hydroxycinnamic acid in 50% acetonitrile. 0.1% v/v TFA) 
was applied to the dried sample and again allowed to dry. 
Spectra were obtained using a Bruker Biflex MALDI-TOF 
mass spectrometer (Bremen, Germany). MS/MS analysis 
was carried out using a Finnigan MAT (San Jose, CA, 
USA) LCQ ion trap mass spectrometer coupled on-line 
with an HPLC system (Hewlett-Packard 1090; Avondale, 
PA, USA). For the interpretation of MS and MS/MS spec- 
tra of protein digests we used the Sherpa software [14], 
the MS-Fit, MS-Tag and MS-Product programs available 
at the UCSF web site (http://rafael.ucsf.edu/cgi-bin/msfit), 
the Pepsearch programs at the EMBL web site (http:// 
. w w .  mann.embl-heidelberg.de/Services/PeptideSearch/ 
FR_peptideSearchForm.html), and the PepFrag program 
at the Rockefeller University web site (http/:prowl.rocke- 
feller.edu/). 

3 Results and discussion 

3.1 Detection of proteins involved in PDGF and 
endothelin signal transduction pathways 

NIH 3T3 fibroblast cells from mouse were stimulated with 
PDGF or endothelin, the reaction was terminated at vari- 

Figure 1. Coomassie blue-stained 2-D gel of 
total proteins from NIH3T3 mouse fibroblasts. 
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Individual protein phosphorylations are readily followed 
as a function of time after stimulation, as indicated by the 
expanded plots in Fig. 3, showing blots covering a molec- 
ular size range of 35-60 kDa and p16.1-6.8. Observation 
of the intensities on the immunoblots for individual pro- 
teins following stimulation revealed a wide diversity of 
kinetic behavior (Fig. 3). Some proteins show moderate 
changes in intensity over the time course of the experi- 
ment (e.g., spot s50 in Fig. 3), some are initially undetect- 
able but rapidly show intense spots following stimulation 
(e.g., s30), some show strong spots initially, but rapidly 
decrease in intensity (e.g., s52), while other proteins 
show more gradual changes (e.g., s20). Although such in- 
tensity changes might in some cases reflect multiple 
phosphorylation sites, and hence changes in the number 
of antibodies reacting with a single protein, it seems prob- 
ably that in most cases the intensities in the blots will in- 
stead reflect the proportion of a protein which is present 
in phosphotylated form. For example, there were at least 
13 proteins detected by the phosphotyrosine antibodies 
which were not observed in unstimulated cells, but which 
became observable 3 min after stimulation. For these pro- 
teins it seems likely that in the basal (unstimulated) state, 
virtually all of the protein is unphosphorylated, but is rap- 

5 

4 0  PI 6.7 

Figure 2. 2-D blots for anti-phos- 
photyrosine antibodies as a function 
of time following stimulation of 
NIH3T3 mouse fibroblast cells with 
PDGF. The length of time (min) for 
stimulation is indicated in the upper 
right corner of each panel. 

idly converted fully or partially to a phosphorylated form 
following stimulation with PDGF. Although it cannot be 
guaranteed that the presently used antibodies detect all 
proteins containing phosphotyrosine, it is clear that large 
numbers of phosphorylated proteins can be detected and 
that a surprisingly large number of these proteins show 
substantial changes in the intensities observed on the 
antibody blots. The unexpectedly large number of pro- 
teins which showed changes in phosphorylation of tyro- 
sine and serine may be related to the diverse range of cel- 
lular and disease processes in which the PDGF signaling 
system seems to be involved (including, for example, cell 
growth regulation, differentiation, chernotaxis, tumor pro- 
gression, wound healing, atherosclerosis, inflammatory 
joint disease, and fibrotic conditions) [16-201. 

Initial experiments involving stimulation of NIH 3T3 fibro- 
blast mouse cells with endothelin have also been carried 
out. In this case, of the approximately 260 proteins that 
could be detected with the phosphotyrosine antibodies, 
major changes in intensity on the immunoblots were ob- 
served for fewer proteins. Comparison of proteins in the 
same molecular weight and p l  ranges revealed that for 
stimulation with endothelin (Fig. 4), different proteins and 
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Figure 3. Expansion of 2-D blots for anti-phosphotyro- 
sine antibodies in the ranges pl6.14.8 and M, 35 000- 
60 000 as a function of time (min, lower right on each pan- 
el) following stimulation of NIH3T3 mouse fibroblast cells 
with PDGF. 

different kinetic patterns were detected (compare Figs. 3 
and 4). These differences provide a strong indication that 
the changes in phosphorylated proteins that are detected 
as a function of time after stimulation indeed reflect spe- 
cific cellular interaction networks connected with a specif- 
ic receptor. 

3.2 Identification of proteins with mass 

We have begun the process of identifying the several 
hundred phosphorylated proteins by concentrating on 
some of the proteins that showed large intensity changes 
as a function of time following stimulation. Protein spots 
detected on the immunoblots were excised from the cor- 
responding gel and subjected to in-gel digestion with tryp- 
sin [13]. Even for those spots which were quite weak on 
the immunoblots, e.g., spot s44 at 0 min (Fig. 3), ade- 
quate material to obtain large numbers of accurate mass- 
es of peptides and peptide fragments was available for 
mass fingerprinting by MALDI-TOF mass spectrometry. 
We estimate that the weakest spots used for the mass 
spectrometric analysis contained less than 1 picomol. As 
reported in more detail elsewhere (Soskic ef a/., submit- 
ted; [21-24]), initial identification of proteins from mass 
fingerprints were performed using a maximum f0.3 Da 
mass tolerance, a single trypsin missed cleavage, and no 
phosphorylation modification. We required that the pep- 

spectrometry 
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Figure 4. Expansion of 2-D blots for anti-phosphotyro- 
sine antibodies in the ranges p16.1-6.8 and Mr 35 000- 
60 000 as a function of time (min, lower right on each pan- 
el) following stimulation of NIH3T3 mouse fibroblast cells 
with endothelin. 

tides identified covered a minimum of 18-20% of the pro- 
tein sequence. On average, about 6 1 2  peptide masses 
were matched. Once the protein was identified, manual 
corrections based on the theoretical protein digest were 
used to identify peptides with up to three missed tryptic 
site cleavages and phosphorylated peptides. The identity 
of the protein was then confirmed by subjecting selected 
peptides to MS/MS analysis using ion trap electrospray 
mass spectrometry of the unseparated peptide mixture 
previously analyzed by MALDI-TOF. Examples of the 
MALDI mass spectrometric data used to identify proteins 
showing large changes in phosphorylation are shown in 
Table 1. 

Together with earlier experiments that identified other 
proteins showing major changes in phosphorylation fol- 
lowing stimulation with PDGF (Soskic ef a/., submitted), a 
picture of the type of information that can be gained by 
these types of experiments has now emerged. In particu- 
lar, proteins which were previously known to be involved 
in the PDGF signaling system (e.g., ERK 1 kinase, ser- 
inekhreonine protein kinase akt, vimentin, Src cortactin 
substrate, protein tyrosine phosphatase SYP, and phos- 
pholipase C alpha), proteins which were previously known 
to be involved in other signaling systems, but not the 
PDGF system (e.g., proto-oncogene tyrosine kinase fgr, 
phosphotyrosine phosphatase PTP-2, and protein serine/ 
threonine kinase) and proteins which were not previously 
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Table 1. MALDI mass spectrometry analysis of proteins S42, 543 and S44 

Start End Expected Measured 
residue residue mass mass Sequence 

542 Protein tyroslne phosphatase SYP (Mus musculus) 

245 268 2663.9 2664.6 QGFWEEFETLQQQECKLLYSR 
326 351 31 18.6 3118.1 FDSLTDLVEHY KKNPMVETLGTVLQLK 
367 378 1514.7 1514.0 CVKYWPDEYALK 
370 378 1184.6 11 84.7 YWPDEYALK 
51 7 531 1913.2 1912.4 FIYMAVQHY I ETLQR 

6 35 3326.7 3326.9 WFHPNITGVEAENLLLTRGVDGSFLARPSK 

6 peptides cover 18% (1 05/585 AAs) 

S43 Phosphollpase C-alpha (Mus musculus) 
63 73 1192.3 1 192.0 
94 103 1085.2 1085.0 

129 145 1888.1 1888.5 
147 160 1588.8 1588.3 
152 172 2374.6 2374.3 
183 193 1259.4 1259.2 
194 21 3 2303.5 2303.5 
194 21 7 2823.1 2822.7 
304 331 3051.4 3051.7 
335 343 1173.3 1173.6 
347 362 1972.2 1971.6 
471 481 1398.5 1398.6 

12 peptides cover 32% (1 641504 AAs) 

LAPEY EAAATR 
YGVSGY PTLK 
KQAGPASVPLRTEEEFK 
FISDKDASVVGFFR 
DASVVGFFRDLFSDGHSEFLK 
FAHTNIESLVK 
EYDDNGEGITIFRPLHLANK 
EYDDNGEGITIFRPLHLANKFEDK 
KTFSHELSDFSLESTTGEVPVVAIRTAK 
FVMQEEFSR 
ALEQFLQEY FDGNLKR 
ELNDFISYLQR 

S44 Protein serinelthreonine klnase (Homo sapiens) 
87 96 1203.6 1203.3 TFHVDSPDER 

114 145 3476.3 3475.8 APGEDPMDY KCGSPSDSSTTEEMEVAVSKARAK 
147 156 1246.4 1246.4 VTMNDFDYLK 
161 172 1347.3 1347.6 GTFGKVILVREK 
209 224 1945.7 1946.2 HPFLTALKYAFQTHDR 
438 467 3520.9 3520.8 Y FDDEFTAQSITITPPDRYDSLGLLELDQR 

6 peptides cover 23% (1 11/481 AAs) 

known to be involved in signal transduction (plexin-like 
protein) have been identified. On the one hand, the obser- 
vation of proteins already known to be related to PDGF 
signaling provides confirmation that experiments of this 
type are capable of detecting downstream responses fol- 
lowing PDGF stimulation. On the other hand, the observa- 
tion of unexpectedly large numbers of proteins which 
show changes in phosphorylation following PDGF stimu- 
lation together with the identification of a substantial num- 
ber of proteins which were either previously unknown in 
PDGF signaling or in any signal transduction system con- 
firms that experiments of the type reported here can pro- 
vide a rich source of new information on the complex in- 
teraction networks involved in signal transduction. At 
present, our efforts are concentrated on the identification 
on 2-D gels of all proteins showing substantial changes in 
phosphorylation at tyrosine or serine residues following 
stimulation with PDGF or endothelin. The availability of 

such maps should greatly simplify, and perhaps supplant, 
current efforts by more conventional approaches to estab- 
lish hierarchical relationships within and between different 
signaling pathways. 

3.3 Post-translational modifications of 

Although a variety of experimental strategies can be en- 
visaged for the establishment of hierarchical relationships 
in complex signaling networks, eg., use of inhibitors of 
specific pathways, gene knockout or knockdown meth- 
ods, or mutation of selected pathway components, a spe- 
cial hierarchical position is occupied by the receptor that 
initiates all the downstream responses. Indeed, there is 
considerable evidence that post-translational modifica- 
tions of the receptor itself are an important factor in the 
regulation of a signaling pathway. For this reason we 

endothelin and bradykinin receptors 
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This approach has been applied to obtaining receptors 
with the post-translational modifications extant under in 
vivo conditions for both the bradykinin B2 receptor from 
transfected CHO cells (Soskic et a/., submitted) and the 
endothelin receptor from bovine lungs [ l  11 and should be 
applicable to other receptors. 

have recently been interested in the development of im- 
proved methods for characterization of post-translational 
modification of cellular receptors and in whether specific 
modifications of such receptors can be related to specific 
signaling responses. Due to their low cellular abundance 
and difficulty with purification, the direct chemical analysis 
of post-translational modifications of membrane receptors 
has been a notoriously difficult task. To date, post-transla- 
tional modifications for only a few prototypical receptors, 
i.e., rhodopsin and p-adrenergic receptor, have been 
investigated in detail (25-291 and much of the available 
data has been obtained under in vitro conditions [30]. 
Recent results have emphasized that there may be dis- 
crepancies between such data and mutational analyses 
obtained under in vivoconditions 131). 

We have recently devised a new single-step, very mild 
'Yishhook strategy for the purification of peptide receptors 
which is based on methods used for isolation of mRNA. 
For example, a "fishhook for the bradykinin B2 receptor 
was constructed by linkage of a (dA)30 oligonucleotide to 
'Lys of Met-Lys-bradykinin via a special bifunctional 
cross-linking reagent (insert, Fig. 5). The bradykinin re- 
ceptor was expressed in transfected CHO cells and a 
highly pure receptor sample suitable for detailed analysis 
of post-translational modifications was then obtained as 
follows: (i) CHO cells at 80% confluency were harvested 
and cellular membranes isolated; (ii) the membranes 
were solubilized in CHAPS detergent and the bradykinin 
B2 fishhook added to bind the bradykinin B2 receptor; (iii) 
the fishhook-receptor complex was bound to an oligo- 
(dT)-cellulose column and washed under high salt con- 
centrations that favor formation of a (dA:dT) double helix; 
(iv) the B2 receptor was eluted under very low salt condi- 
tions that destabilize (dA:dT) helices, and (v) fractions 
containing the B2 receptor were further purified by PAGE. 

Post-translational modifications of both the bradykinin B2 
receptor and the endothelin receptor have been analyzed 
by mass spectrometric methods. Following in-gel tryptic 
hydrolysis, virtually the entire sequence of these recep- 
tors could be scanned for post-translational modifications 
by detecting peptides with phosphorylation or palmitoyla- 
tion using MALDI-TOF mass spectrometry. The identity of 
the peptide as well as the nature and site of the post- 
translational modification was then confirmed by ion trap 
electrospray mass spectrometry of the unseparated tryp- 
tic peptide mixture. An example is shown in Fig. 5 for the 
peptide 344FRKKSREVYQAICRK358 from the bradykinin 
B2 receptor. MALDI-TOF mass spectrometry showed an 
increase in mass of 80 Da, indicating that the peptide is 
phosphorylated at 348Ser or ='Tyr. Using ion trap ESI 
mass spectrometry, the masses of the yand b parent ions 
were consistent with monophosphorylation of the peptide 
and the y and b series of fragment ions yl5, yl4, yl3, 
yl2, @, ~5 and 7 as well as 615, 613, b12, 611, b9, b5 
and b7 (Fig. 5) were sufficient to determine that 352Tyr 
and not 348Ser is the phosphorylation attachment site. 

Analyses of the bradykinin B2 and endothelin B receptors 
has revealed that the number of post-translational modifi- 
cations is larger than previously anticipated. In the case 
of endothelin B receptor from bovine lung tissue, post- 
translational phosphorylation has been shown for seven 
serine and one tyrosine residues as well as palmitoylation 
at two cysteine residues (Fig. 6A). These modifications 

b 7 8 9 1112 13 15 
F 1 R I K I KSR I E I V I Y(Pi) I QA I I I C I RK 

y 15 14 13 12 9 8 7 

o !  7 1 8 ,  ,L, I ,  1 J 
600 800 1 000 1200 1400 1600 1800 2000 

m / z  

Figure 5. Ion trap electrospray MS/MS spectra of phosphopeptide 344FRKKSREVY(Pi)QAICRK358 (M+H)' of bradykinin 
B2 receptor demonstrating phosphorylation at 352Tyr. Insert, structure of the Met-Lys-bradykinin fishhook. 
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Figure 6. (A) Sites of post-translational modifications of 
the endothelin B receptor. (B) Sites of post-translational 
modifications of the bradykinin B2 receptor. (C) Multiple 
forms of post-translational modifications detected by 
mass spectrometry for peptides 350EVYQAICRK358 and 
359GGCMGESVOMENSMGTLRTSISVDR383 of bradyki- 
nin B2 receptor (see Section 3.3). The residues which are 
phosphorylated (Y, S) or palmitoylated (C) are indicated 
by white letters on a black circle. 

are clustered in the cytoplasmic carboxy-terminal domain 
of the receptor and may be involved with desensitization 
of the receptor via internalization [32]. The third cytoplas- 
mic domain is also phosphorylated at 304Ser. The obser- 
vation that a single site Ser-Asn mutation at this residue 
leads to Hirschprung's disease [33-351 has led us to sug- 

gest that phosphorylation of -Ser is likely to be impor- 
tant to the signaling characteristics of this receptor [l 1, 
361. For the bradykinin B2 receptor, post-translational 
phosphorylation has been found for 4 Ser, 1 Thr and 
2 Tyr residues as well as palmitoylation at 1 Cys residue 
(Fig. 6B). These modifications are again clustered in the 
cytoplasmic carboxy-terminal domain of this receptor, 
where it has also been postulated that there is a causal 
relationship between these modifications and internaliza- 
tion of the B2 receptor [32]. Phosphorylation has also 
been detected for residue 16'Tyr of the B2 receptor 
(Fig. 6), which is part of the DRY motif that is highly con- 
served in G-protein-coupled receptors. For the B2 recep- 
tor there is evidence for an important role of this residue 
in signaling [32], suggesting that phosphorylation of 
'"Tyr may be an important regulator of signaling in the 
B2 receptor and that phosphorylation of the DRY motif 
might be important for other G-protein-coupled receptors. 

In the case of the bradykinin B2 receptor, correlations be- 
tween some post-translational modifications have been 
demonstrated (Fig. 6C). For example, phosphorylation of 
352Tyr and palmitoylation of 356Cys appears to be mutual- 
ly exclusive (Soskic et a/., submitted) and may constitute 
a control mechanism for receptor internalization [37, 381. 
For the carboxy-terminal residues 359-383 of the B2 
receptor, a particularly intriguing set of post-translational 
phosphorylations has been observed for the basal (unsti- 
mulated) form of the receptor. In particular, of the four Ser 
and two Thr residues in this sequence, phosphorylation 
has been detected at all residues except 377Thr, but only 
in the form of three very specific forms of diphosphoryla- 
tion (Fig. 6C). The observations that only diphosphoryla- 
tion apparently occurs (Soskic et a/., submitted), and that 
the sites are correlated, has important implications for at- 
tempts to analyze functional aspects of the bradykinin B2 
receptor - the present results suggest that in mutation ex- 
periments it is potentially possible to create novel phos- 
phorylation patterns that do not exist in the natural recep- 
tor, with potentially aberrant physiological responses [30]. 
It is clear from the results which have recently been ob- 
tained for endothelin B and bradykinin B2 receptors that 
the patterns of post-translational modifications for these 
G-protein-coupled receptors are much more complex 
than previously thought. 

4 Concluding remarks 

The results which have so far been obtained for signal 
transduction systems are very promising in that clear evi- 
dence has been obtained that under in vivo conditions: 
(i) complex networks of interactions can be observed 
through identification of large numbers of functionally 
related proteins; (ii) for signal transduction systems the 
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concept of functional proteomics provides a means to 
concentrate efforts on characteristics clearly associated 
with the functional system under study and to restrict the 
necessary analytical effort to manageable proportions, 
and (iii) detailed alterations in individual proteins are 
clearly accessible, e.g., despite the low abundance levels 
and the complexity of the post-translational modifications 
of bradykinin or endothelin receptors, methods have been 
found to characterize the nature of these alterations. Al- 
though methodological improvements in the separation of 
individual proteins and in the sensitivity and rapidity of 
their subsequent identification/characterization can cer- 
tainly be anticipated in the near future, the presently avail- 
able analytical methodology is already clearly adequate 
for investigation of important cellular processes. Although 
present efforts are concentrated on identifying the protein 
components of such processes, it is apparent that, with 
appropriate ingenuity in the establishment and manipula- 
tion of the cellular systems, spatial, temporal and func- 
tional characteristics of the complex networks of cellular 
interactions will soon be the major focus of interest. 
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Modulation of signal transduction pathways and 
global protein composition of macrophages by 
ionizing radiation 

It is assumed that the exposure of cells to ionizing radiation modulates their signal 
transduction pathways, which then govern the early and late radiation-induced altera- 
tions in gene expression. In this study we tested the effects of low doses of X-irradia- 
tion on the cell signaling and global protein composition of an HL-60 human promyelo- 
cytic leukemia cell line differentiated along a macrophage-like cell pathway by 
4~phorbol-12-myristate-13-acetate (PMA). Using sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis (SDS-PAGE) followed by immunoblotting of anti-phospho- 
tyrosine immunoprecipitates, we found radiation-induced changes in the level of phos- 
phorylation of proteins with molecular masses of 45 and 48 kDa, but in the most 
intensively stained area, ranging from 54 to 60 kDa, no alterations were observed. 
When two-dimensional electrophoresis (2-DE) immunoblotting was applied, only pro- 
teins from this heavily stained region were visualized and in addition the evident differ- 
ences in tyrosine phosphorylated protein patterns between nonirradiated and irradiated 
cells were found in this area. Furthermore, the immunostaining of extracellular signal- 
regulated kinase 2 (ERK2) which did not prove its tyrosine phosphorylation demon- 
strated the existence of several ERK2 charge isoforms showing differential expression 
after X-irradiation. Comparing the whole protein profiles we found after the simultane- 
ous quantitation of 1000 matched spots two proteins whose expression was regulated 
in an opposite manner in nonirradiated and X-irradiated cells. The quantities of both 
spots showed increases or decreases by a factor of 2 or more between irradiated and 
nonirradiated samples and both these changes were statistically significant (P c 0.05). 
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1 Introduction 

The generally accepted response of cells to ionizing radi- 
ation is associated with the production of free reactive 
oxygen intermediates and subsequent oxidation of phos- 
pholipids and DNA. However, the mechanisms by which 
damage is sensed after irradiation have not been fully 
clarified. Recently the concept stressing the active pro- 
cess of tyrosine kinase signal transduction as a key cellu- 
lar response to radiation-induced oxidative stress was 
suggested [l]. The cell membrane/cytoplasmic signaling 
should be triggered simultaneously from DNA damage 
and oxidized membrane lipids, thereby bypassing the 
control by normal ligands. The hydrolysis of oxidized lip- 
ids provides second messengers like arachidonic acid, di- 
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acylglycerol and ceramide, which in turn bind to and acti- 
vate various kinases. The process of kinase activation 
can be even further strengthened by the inhibition of 
membrane-associated protein phosphatases via oxida- 
tion of their free SH-groups. The activated kinases phos- 
phorylate transcription factors which are then transported 
to the nucleus where they bind to DNA regulatory sequen- 
ces and specifically up- or downregulate gene expression. 
This radiation-modified gene expression underlies a vari- 
ety of molecular steps involving growth arrest, DNA repair 
or apoptosis, which are responsible for radiosensitivity or 
radioresistance of afflicted cells [2]. 

In our study we focused on both the modulation of tyro- 
sine kinase signal pathways and the global changes in 
protein expression levels after the exposure of monocyte/ 
macrophage lineage cells to ionizing radiation. We 
worked with the HL-60 leukemic cell lines differentiated 
along the macrophage-like cell pathway as a macrophage 
reference model in studies devoted to humans (Fig. 1) [3]. 
Furthermore, low doses of X-ray radiation were used in 
order to have a clear correlation with the biological and 
clinical response to radiation therapy. 
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sic Ampholines in the IEF buffer to inhibit proteolytic activ- 
ity. The determination of protein concentration was 
performed by a modified bicinchoninic acid protein assay 
kit [4]. For the study of the global X-ray-inducible protein 
alterations, established procedures for 2-DE separation 
and silver staining were used [5]. 

Figure 1. Reperesentative silver-stained protein pattern 
of PMA-treated cells.Three regions comprising (1 ) tyro- 
sine phosphorylated proteins, (2) ERK2 isoforms, and 
(3) protein alterations after X-irradiation are boxed. 

2 Materials and methods 

2.1 Cell cultivation and sample preparation 

The HL-60 cells (American Type Culture Collection, 
Rockville, MD, USA) were grown in RPMl 1640 medium 
(Boehringer, Mannheim, Germany) supplemented with 
20 % heat-inactivated fetal calf serum (Boehringer Man- 
nheim). The pH was maintained at 7.4 via supplementa- 
tion of the culture medium with NaHC03. Cells were incu- 
bated for three days with 100 nM 4p-phorbol-12-myristate- 
13-acetate (PMA)-treated cells. On day 3 after PMA treat- 
ment the cells were X-ray irradiated with a single dose 
2Gy of 240 kV X-rays (Isovolt 320/10; Seifert, Ahrens- 
burg, Germany) and were harvested 2 min, 5 min, or 3 h 
after irradiation. As control samples, nonirradiated PMA- 
treated cells with or without additional 3 h cultivation were 
collected. The cells were washed twice in cold PBS con- 
taining 1 mM Na3V04 and immediately lysed either in IEF 
buffer composed of 9 M urea, 2% Nonidet P-40, 3% 
CHAPS, 70 mM DlT, 2% Ampholines pH 9-1 1, protease 
inhibitor cocktail (Boehringer Mannheim) and phospha- 
tase inhibitors (50 mM NaF, 0.1 mM Na3V04) or in RlPA 
buffer containing 50 mM Tris-HCI, pH 7.4, 1% NP-40, 
0.25% sodium deoxycholate, 150 mM NaCI, protease in- 
hibitor cocktail, 1 mM Na3V04, 1 mM NaF. We included ba- 

2.2 Electrophoresis 

A commercial nonlinear immobilized pH 3-10 gradient 
(Pharmacia-Biotech, Uppsala, Sweden) was applied for 
the separation of proteins in the first dimension. The Im- 
mobiline strips, 18 cm length, were rehydrated overnight 
in 25 mL of ureahhiourea rehydration solution: 5 M urea, 
2 M thiourea, 10 mM DTT, 0.4% carrier ampholytes (Phar- 
malytes 3-10), 0.5% Triton X-100, 2% sulfobetaines (SB 
3-10) [6] and a trace of bromophenol blue. Using sample 
cups 150 pg protein was loaded on lmmobiline strips. For 
the second dimension the proteins were separated on an 
SDS 9-1 6% linear polyacrylarnide gradient. Silver-stain- 
ed gels were scanned using a laser densitometer (4000 X 

5000 pixels, 12 bits/pixel; Molecular Dynamics, Sunny- 
vale, CA, USA) and the 2-DE evaluation was performed 
using the Melanie II package (Bio-Rad, Richmond, CA, 
USA). Spots were quantitated in terms of their relative 
volume (Yo vol), i.e., digitized staining intensity integrated 
over the area of an individual spot divided by the sum of 
integrated staining intensities of all spots and multiplied 
by 100. We used the unpaired Student T-test for determi- 
nation of significant differences at the levels of P <0.05. 
lmmunoprecipitation of proteins phosphorylated on tyro- 
sine residues were carried out according to an Upstate 
Biotechnology protocol using agarose-conjugated anti- 
phosphotyrosine monoclonal antibody, clone 4G10 (Up- 
state Biotechnology, Lake Placid, NY, USA). Each sam- 
ple, prepared in duplicate, was resuspended in 40 pL 
SDS-PAGE sample buffer and denatured at 100°C for 
5 rnin. The proteins were separated on 10% SDS-PAGE 
according to Laemmli and Favre [7]; in this case 15 pL of 
immunoprecipitates or 30 pg of RlPA buffer cell lysates 
were loaded. For 2-DE analysis 50 pL of immunoprecipi- 
tates or 250 pg of RlPA buffer cell lysates were diluted in 
a total volume of 350 pL of the rehydration solution (7 M 

urea, 2 M thiourea, 4% CHAPS, 0.5% Triton X-100, 40 mM 
DTE, 20 mM Tris, 0.4% Pharmalytes pH 3-10) and used 
for in-gel sample loading [El. 

2.3 lmmunoblotting 

The detection of tyrosine-phosphorylated proteins and ex- 
tracellular signal-regulated kinases (ERK) was done by 
immunoblotting experiments. Separated proteins were 
electrotransfered to 0.2 prn PVDF membrane (Boehringer 
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Mannheim) using Transblot Cell (Bio-Rad) at 0.1 mA, 
overnight. The membranes were blocked for 1 h at room 
temperature in 1% blocking solution (EM chemilumines- 
cence blotting kit; Boehringer Mannheim) and then incu- 
bated overnight either with horseradish peroxidase-cou- 
pled anti-phosphotyrosine monoclonal antibodies, clone 
4G10 (Upstate Biotechnology) diluted 1:1150 in 0.5% 
blocking solution or with mouse monoclonal anti-ERK an- 
tibodies (pan ERK, clone 16; Transduction Laboratories, 
Lexington, KY, USA; or monoclonal anti-ERK2 antibody, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted 
15000 and 1:400 in 0.5% blocking solution, respectively. 
For ERK detection the secondary horseradish peroxi- 
dase-conjugated anti-mouse antibody (Santa Cruz Bio- 
technology) diluted 1:lOOO in 0.5% blocking solution was 
applied for 45 min. The bound antibodies were visualized 
with enhanced chemiluminescence (EM chemilumines- 
cence blotting kit; Boehringer Mannheim) and exposed to 
X-ray film Bio Max Light-1 (Sigma, Prague, Czech Repub- 
lic). The molecular weights and isoelectric points of indi- 
vidual proteins were determined using 2-D polypeptide 
standards (Bio-Rad). 

3 Results and discussion 

Previously, we observed by means of SDS-PAGE fol- 
lowed by immunostaining that in short time intervals after 
X-irradiation (2 and 5 min) the level of tyrosine phosphory- 
lation of proteins with molecular masses ranging from 44 
to 64 kDa was influenced in PMA-treated cells (unpublish- 
ed observations). In this study we wanted to analyze the 
proteins phosphorylated on tyrosine residues in more de- 
tail; therefore, we applied 2-DE analysis in addition to one 
dimensional (1 -D) protein separation. Since higher load- 
ing of proteins is required for 2-DE we first made an im- 
munoprecipitation of tyrosine-phosphorylated proteins. 
Figure 2A shows the 1-D anti-phosphotyrosine immuno- 
blot of immunoprecipitates collected from nonirradiated 
as well as irradiated PMA-treated cells. Compared with 
our earlier results, the radiation-induced changes in the 
level of phosphorylation of protein bands with molecular 
masses around 45 and 48 kDa (Fig. 28) were found 
again. On the other hand, the area covering the proteins 
with molecular masses ranging from 54 to 60 kDa, which 
gave the strongest positive reaction, seemed not to be af- 

Figure 2. Quantitative changes of 
tyrosine-phosphorylated proteins in 
short time intervals after X-irradiation. 
(A) 1 -D immunoblotting of anti-phos- 
photyrosine immunoprecipitates col- 
lected from (a) PMA-treated cells, or 
from X-irradiated PMA-treated cells in- 
cubated for an additional 2 (b) or 5 min 
(c). (B) Densitometry of tyrosine-phos- 
phorylated proteins. The changes in 
OD of proteins of molecular masses of 
48 kDa and 45 kDa 2 and 5 min after ir- 
radiation are shown. 
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sively staining region were detected (Fig. 3) and, in con- 
trast to 1 -D separation, differentially phosphorylated pro- 
tein patterns were found. The PVDF membranes were 
silver-stained after immunodetection so that the tyrosine- 
phosphorylated proteins on film could be matched with 
some of the silver-stained immunoprecipitated proteins 
and in this way their precise localization was determined. 

Basically, the imrnunostained proteins can be divided into 
five groups. Group No. 1 (four spots, p l  5.25/molecular 
mass 60 kDa, 5.33/60 kDa, 5.46/60 kDa, 5.52/60 kDa) 
appeared 2 min after irradiation and the level of its tyro- 
sine phosphorylation further increased 5 min after irradia- 
tion (Fig. 38 and C). Conversely, group No. 2 (two spots, 
5.17/59 kDa, 5.25/59 kDa) occurred only in nonirradiated 
sample (Fig. 3A). Group No. 3 (1 spot, 5.28/57 kDa) was 
present in the nonirradiated sample 2 min after irradiation, 
was not immunostained, and appeared, again after a time 
interval of 5 min after irradiation. Finally, group No. 4 (four 
spots, 4.99/56.5 kDa, 5.04/56 kDa, 5.1 1/55 kDa, 5.17/ 
54.5 kDa) was detected in nonirradiated sample: it per- 
sisted 2 min after irradiation but 5 min after irradiation two 
more acidic variants vanished and two more basic spots 
were only weakly detectable: on the contrary, the new 
phosphorylated spots occurring in group No. 5 (3 spots, 
5.26/54 kDa, 5.28/53 kDa, 5.39/53 kDa) appeared (Fig. 
3C). 

We attempted to identify some of these tyrosine-phos- 
phorylated proteins. We focused on ERKs that should be 
abundant in original HL-60 cells [9]. The 42 kDa ERK2 
and 85 kDa ERK were immunostained but only in original 
RlPA lysates and not in anti-phosphotyrosine immunopre- 

Figure 3. Detection of tyrosine-phosphorylated proteins. 
2-DE irnmunoblotting of anti-phosphotyrosine immuno- 
precipitates collected from (A) PMA-treated cells, X-irradi- 
ated PMA-treated cells incubated for 2 (B) or 5 (C) min 
longer. Five regions numbered 1-5 are indicated. 

fected by X-irradiation. However, When we Performed 
2-DE immunoblotting only proteins occurring in this inten- 

Figure lmmunodetection of ERK in anti-phosphotyro~ 
Sine immunoprecipitates (a, b, c) or RIPA lysates (d, e, 
f, 9). (a, e) PMA-treated cells; (b, f) PMA-treated cells, 
2 min after irradiation; (c, g) PMA-treated cells, 5 rnin 
after irradiation and (d) RlPA lysate of nondifferentiated 
HL-60 cells, 
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Figure 5. 2-DE immunoblotting of ERK2. The ERK2 ki- 
nase was detected using anti-ERK2 mAb and secondary 
horseradish peroxidase-labeled antibodies in (A) RlPA ly- 
sates of PMA-treated cells or in X-irradiated PMA-treated 
cells cultivated an additional 2 (6) or 5 (C) min. The posi- 
tions of the main five isoforms of ERK2 (pl 6.05, 6.14, 
6.26, 6.44 and 6.74/42 kDa) are denoted by arrows and 
Arabic numbers, the position of isoform detected only in 
time intervals A and C (7.08/42 kDa) is designated by an 

cipitates (Fig. 4). Since the activation of ERKs requires 
their phosphorylation on both tyrosine and threonine resi- 
dues, our finding stands in contrast with the published da- 
ta describing the maintenance of ERK2 activity during 
PMA-driven differentiation of HL-60 cells [lo]. Further- 
more, the phosphorylation of both regulatory residues 
should cause shifts in the mobility of the ERK on SDS- 
PAGE [ l l ] .  We detected only one ERK2 band on a 1-D 
immunoblot using monoclonal anti-ERK2 antibody (un- 
published observation). When we examined the ERK2 
protein pattern by 2-DE immunoblotting (Fig. 5) we also 
obtained only one row of spots differing in p /  but with iden- 
tical molecular mass. The existence of several ERK2 
charge isoforms on 2-DE in addition to the possible single 
phosphorylation on threonine residue, is evidence for oth- 
er, so far unknown, types of post-translational modifica- 
tion of ERK2. Some of them could be controlled by X-irra- 
diation with respect to the shift of the most basic variant 
2 min after irradiation (Fig. 58). 

We also looked for more global protein alterations in- 
duced by X-irradiation. The whole protein profile of non- 
irradiated PMA-treated cells was compared with X-irradi- 
ated PMA-treated cells cultivated for an additional 3 h by 
means of 2-DE. Two independently prepared cell lysates 
for each time interval including nonirradiated PMA-treated 
cells cultivated for additional 3 h were analyzed. A subset 
of about 1000 spots was matched among individual gels 
and statistically significant differences in protein levels be- 
tween irradiated and nonirradiated samples were sought. 
We found two spots, probably isoforms, whose expres- 
sion is regulated in an opposite manner in irradiated and 
nonirradiated samples (Fig. 6A). The more acidic isoform 
(5.05/53.5 kDa) is expressed at higher levels after irradia- 
tion and, conversely, the more basic variant (5.08/ 
53.5 kDa) is supressed by irradiation. The quantities of 
both spots in terms of relative volumes (YO vol) exhibit 
minimal variance in duplicates of analyzed samples and 
show increases or decreases by a factor of 2 or more be- 
tween irradiated and nonirradiated samples (Fig. 66). 
Both changes are statistically significant ( P  <0.05). In 
conclusion, we have demonstrated the radiation-induced 
modulation of both signal transduction and protein ex- 
pression in macrophage-like cells. The protein responsi- 
ble for these alterations have not been identified so far, 
but this should follow in order to verify their possible func- 
tions within the cell which can aid in its survival. 

empty triangle and the position of isoform visualized only 
in time interval 6 (p/7.84/42 kDa) is indicated by a trian- 
gle. 
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Figure 6. Protein altera- 
tions induced by X-irradi- 
ation. (A) The magnified 
regions of silver-stained 
2-DE protein patterns of 
nonirradiated and irradiat- 
ed PMA-treated cells. 
Tested time intervals are: 
(a1 , a2) two independent 
samples of PMA-treated 
cells; (bl) PMA-treated 
cells, cultivated for an ad- 
ditional 3 h and (cl, c2) 
two independent samples 
of PMA-treated cells, X-ir- 

radiated and cultivated for an additional 3 h. Arrow indicates protein whose synthesis is induced by X-irradiation (5.05/53.5 
kDa) and arrowhead designates protein whose expression is diminished after X-irradiation (5.0N53.5 kDa). (B) The signifi- 
cantly different abundances of 5.051535 kDa and 5.08/53.5 kDa proteins in nonirradiated and irradiated PMA-treated cells 
expressed in the values of % vol (Pc0.05). 
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Characterisation of stem cell expression using 
two-dimensional electrophoresis 

Stem cells were isolated from foetal human brain tissue and induced to proliferate 
using the mitogens epidermal growth factor (EFG) and fibroblast growth factor (FGF). 
Under these conditions the dividing cells formed spheres which could be maintained in 
an undifferentiated state for extended periods of time. Following removal of the mito- 
gen and addition of serum, the human stem cells rapidly began to differentiate. Sam- 
ples from differentiated and undifferentiated cultures were lysed and analysed using 
two-dimensional (2-D) electrophoresis, a powerful technique for the separation and 
characterisation of proteins in complex mixtures. After 1 h post-differentiation, marked 
differences in protein expression could be observed between undifferentiated and dif- 
ferentiated stem cell samples. 

Keywords: Two-dimensional polyacrylamide gel electrophoresis / Stem cells / Protein expression 

EL 3351 

The molecular mechanisms underlying the development 
of the mammalian central nervous system (CNS) are not 
as yet fully understood, due to the complexity of the mam- 
malian brain. It is thought that dividing mammalian precur- 
sor cells are 'multi-potent', and give rise to specific types 
of neurones and glia at precise stages of development 
[l]. However, the developmental stages between a pre- 
cursor cell and mature neurone are difficult to observe in 
vivo, and attempts to study these stages in vitro are hin- 
dered by the complex mix of neuronal cells present at var- 
ious stages of development in primary embryonic CNS 
cultures. An alternative system has been described in 
which the various stages of CNS development can be 
studied under controlled culture conditions using embry- 
onic stem cells [2, 31. These stem cells represent a homo- 
geneous source of starting tissue that can be followed 
through various stages of differentiation in vitro. However, 
as embryonic stem cells are totipotent, they can give rise 
to muscle, skin and bone in addition to neural tissue. 
Neural stem cells have also been isolated in culture and 
provide a convenient source of expandable tissue for 
studying the molecular mechanisms underlying neural 
development [3,4]. 

Stem cells were isolated from human fetal brain (cortex) 
tissue and induced to proliferate using the two mitogens 
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epidermal growth factor (EGF) and fibroblast growth fac- 
tor (FGF). Under these conditions the dividing cells 
formed spheres which could be maintained in an undiffer- 
entiated state for extended periods of time [4]. Following 
removal of the mitogen and addition of serum, the human 
stem cells rapidly began to differentiate. We aimed to ex- 
amine the differences between differentiated and undiffer- 
entiated stem cell cultures using two-dimensional (2-D) 
electrophoresis, and to determine the presence of novel 
stem cell proteins. 2-D electrophoresis is a powerful tech- 
nique for the separation and characterisation of proteins 
in complex mixtures and can typically resolve 2000-3000 
different protein spots (5, 61. 

Stem cells were cultured in a serum-free growth medium 
containing DMEMlHams (3/1), N2 supplement (Gibco, 
Grand Island, NY), and EGF/FGF-2, both at a concentra- 
tion of 20 ng/mL. When the cells had reached a density of 
5 x lo5 cells/mL, 10 mL of the culture medium were 
removed and a cell lysate was prepared. A further 10 mL 
aliquot was removed and induced to differentiate by the 
addition of 100 pL serum to give a final serum concentra- 
tion of 1%. The cells were cultured in the presence of se- 
rum for 1 h and a second lysate was prepared. High-reso- 
lution two-dimensional gel electrophoresis was performed 
according to the method of OFarrell [7] with modifications 
as described by Garrels [8], using the ESA Investigator 
2-D Electrophoresis System (St. Ives, UK) [8]. IEF was 
performed in precast carrier ampholyte tube gels (pH 3- 
10) and the second-dimensional electrophoretic separa- 
tion on precast 10% polyacrylamide slab gels. Following 
electrophoresis, separated proteins were visualised by sil- 
ver staining according to the method of Morrisey with 
modifications 191. 
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As expected, the expression of many stem proteins was 
induced after differentiation, and there were marked dif- 
ferences between the two protein expression patterns af- 
ter only 1 h in the presence of serum. Several proteins ap- 
pear to be native only to the undifferentiated stem cell 
culture. These may be novel stem cell proteins, or pro- 
teins that are expressed early in the development of stem 
cells, e.g., nestin, an intermediate neurofilament ex- 
pressed in precursor cells early in development, or micro- 
tubule-associated protein 2 (MAP-2c) [lo]. Current work 
involves characterising the proteins native to the undiffer- 
entiated culture, and to examine their potential use as 
novel stem cell markers. The protein will be detected by 
Western blotting, and their identities confirmed by mass 
spectrometry. In addition to characterising proteins native 
to the undifferentiated culture, prior to serum addition, we 
hope to examine those proteins whose expression ap- 
pears to be induced following serum addition. In order to 
exclude the possibility that these proteins arise as a result 
of the protein content in the serum aliquot, serum control 
gels will be run. 
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The aim of this study was to isolate and characterize highly enriched membrane pro- 
teins by two-dimensional (2-D) electrophoresis and to identify surface antigens binding 
sperm autoantibodies (SpAb). The presence of SpAb may reduce fertility by affecting 

Germany sperm motility and acrosome reaction. The presence of the SpAb was shown to pre- 
vent sperm penetration of cervical mucus, to inhibit sperm-zona pellucida interaction, 
and to interfere with the sperm-egg fusion. The swim-up method was used to separate 
mature and motile sperm. Sperm membranes were obtained by hypoosmotic swelling, 
homogenization and sonication. Membranes were further isolated by differential centri- 
fugation steps. The highly purified human sperm membrane proteins were separated 
by two-dimensional gel electrophoresis and electrotransferred to polyvinylidene difluo- 
ride (PVDF) membrane. The antigens were identified by bound SpAb, the sources of 
which were seminal plasma samples of infertile patients or of patients following vasec- 
tomy. Fourteen surface antigens were detected. Their identification may be (i) impor- 
tant for understanding the mechanism by which SpAb impair sperm fertilization capaci- 
ty, (ii) suitable as a basis of new methods of fertility regulation, and (iii) helpful in 
developing reproducible and reliable methods for determinations of SpAb. 

Keywords: Autoantibodies I Immunological infertility / Membrane proteins / Spermatozoa / Two- 

dimensional polyacrylamide gel electrophoresis EL 3394 

1 Introduction 

The characterization and identification of human sperm 
antigens are important for understanding the mechanism 
by which sperm autoantibodies (SpAb) may impair sperm 
fertilization capacity. In particular the interaction between 
antibodies and sperm surface antigens may be a mech- 
anism causing immunological infertility. Knowledge of 
these processes is also important as a basis for new 
methods of fertility regulation. In addition, the develop- 
ment of reproducible and reliable methods for SpAb de- 
terminations requires the identification of particular anti- 
gens. There is no universally accepted method for 
antisperm antibody detection [I]. The occurrence of spon- 
taneous autoantibodies to sperm in infertile men was first 
reported by Rijmke [2] and Wilson [3] in 1954, independ- 
ently of each other. In later contributions, it was shown 
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that the occurrence of SpAb decreases fertility [4-6] and 
fecundity [7, 81. SpAb can be detected in the seminal 
plasma [9], and bound to the sperm surface [lo], in the 
blood serum of men and women [ l l ] ,  in oviduct fluid [12], 
cervical mucus [13], and the follicular fluid of women [14]. 

To date, different effects of SpAb on sperm functions 
were described. SpAb affected the sperm motility [15], 
the acrosome reaction [16, 171, and the penetration of 
cervical mucus by spermatozoa (18, 191. Also, an inhibi- 
tion of spermatozoa and zona pellucida interaction [20] 
and an interference with the sperm egg fusion was de- 
scribed [21, 221. However, no proper methods exist to de- 
cide whether the SpAb of a single individual are of func- 
tional relevance and only a limited number of sperm 
antigens may be associated with immunological infertility 
[23]. In this study, sperm surface proteins were identified 
which bound SpAb of patients who consulted our clinic for 
investigation. Focus was placed on antibodies in the 
seminal plasma, because SpAb in sera which occur in a 
large proportion of infertile and fertile men are not related 
to infertility [24]. In the present investigation, we used the 
method according to Hinsch eta/. [25], for the isolation of 
highly enriched membrane proteins, with some modifica- 
tions. The sperm antigens were separated by 2-D electro- 
phoresis techniques and exposed to seminal plasma 
samples containing SpAb and control samples. 
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2 Material and methods 

2.1 Reagents 
The IPG strips and the equipment for running the IPG 
gels (Multiphor II and DlyStrip kit) as well as Pharmalyte 
(UpH 3-10), Ampholine (pH 3.5-lo), CHAPS, DTT, SDS, 
Tween-20 and urea were from Pharmacia (Uppsala, Swe- 
den). The 30% acrylamide/Bis solution, 35.5:1, 2.6%C 
and the 2-D SDS-PAGE standards as well as the pre- 
stained SDS-PAGE standards and the SDS-PAGE low 
range standards were from Bio-Rad (Munchen, Germa- 
ny). All other chemicals were analytical grade from Merck 
(Darmstadt, Germany). For the swim-up technique the 
IVF (in vitro fertilization) buffer was used (Medi Cult a/s, 
Copenhagen, Denmark). The indirect and the direct MAR 
(mixed antiglobulin reaction) tests were performed with 
SpermMAR IgG test from Ferti Pr0N.V (Sint - Martens - 
Latem, Belgium). The ECL (enhanced chemilumines- 
cence) kit was from Amersham (Uppsala, Sweden). 

C. Bohring and W. Krause 

2.2 Patients 

Semen samples from 20 patients who were referred to 
our clinic for infertility or for control of semen following 
vasectomy investigations were obtained by masturbation 
after 3-6 days abstinence. The ejaculate was centrifuged 
for 15 min at 3000 x gat room temperature. The seminal 
plasma was then stored at -2OOC until assayed. The un- 
bound SpAb in seminal plasma were determined by 
means of indirect MAR test. 

2.3 Donor sperm preparation 

Semen samples from donors with normal sperm parame- 
ter [26] were obtained by masturbation after 3-6 days ab- 
stinence. Spermatozoa were then enriched by means of a 
swim-up preparation [27-291. One mL of semen was dilut- 
ed 1:5 with IVF buffer, followed by centrifugation at 300 x 
g at room temperature for 10 min. The pellet containing 
spermatozoa was resuspended in 5 mL IVF buffer and 
washed again. Two mL of IVF medium were then careful- 
ly placed above the final pellet, after which the tube was 
inclined to an angle of 45' and incubated for 1 h at 37OC. 
The supernatant containing the enriched fraction of motile 
spermatozoa was aspirated and centrifuged again for 
10 min at 500 x g at room temperature. Finally, the cell 
concentration was adjusted to 20 x lo6 mio/mL with IVF 
medium for the indirect MAR test. For the membrane 
preparation the final pellet was prepared as described in 
the following. 

2.4 SpermMAR test 

For the detection of sperm antibody the SpermMAR IgG 
test from Ferti Pr0N.V. was used. The direct SpermMAR 

test was performed according to the technical information 
provided by the manufacturer. The antibodies solubilized 
in the patients' seminal plasma samples were tested us- 
ing the indirect MAR test [30]. In this case the soluble 
sperm antibodies in patients' seminal plasma are detect- 
ed by using healthy donor spermatozoa as the antigen. 
The SpAb bound to the donor spermatozoa, which will re- 
act positively in a subsequent MAR test. For the MAR 
test, IgG-coated latex particles are attached; afterwards a 
monospecific antihuman IgG antiserum is added to the 
SpAb on the sperm surface. One hundred motile sperma- 
tozoa are evaluated and the percentage of spermatozoa 
with attached latex particles represents the test results in 
percent. The test is considered positive (by WHO stand- 
ards) when > 10% of the motile sperms are agglutinated 
with latex particles. Therefore we used only seminal plas- 
ma samples with an indirect MAR test result higher than 
15%. 

2.5 Preparation of membrane proteins 

The final pellet of the donor sperm preparation as de- 
scribed above was diluted 1 :9 with hypoosmotic medium 
modified according to Jeyendran et a/. [31]. The sperma- 
tozoa were swollen in the hypoosmotic medium for 2 h in 
a water bath (37OC), after which the solution was trans- 
ferred to ice. First the membranes were stripped with a 
homogenizer (Ultraturrax; 1200 Ulmin; 2 min, 4OC). The 
suspension was sonicated (sonication bath) and centri- 
fuged at 4000 x g (4OC, 15 min) to remove the cell debris 
and unbroken sperm. The supernatant was centrifuged at 
10 000 x g (4OC, 10 min) and the resultant supernatant 
underwent a further ultracentrifugation at 100 000 X g 
(4OC, 2 h). Aliquots of each purification step were collect- 
ed. The final pellet containing the membrane proteins was 
resuspended and dissolved in IEF buffer consisting of 9 M 

urea, 20 mM DTT, 2% CHAPS, 0.4% Pharmalyte and 
0.4% Ampholine for 2-0 electrophoresis. For the one-di- 
mensional electrophoresis the proteins were dissolved in 
PBS buffer (pH 7.4). Good solution was obtained with 
sonication in a bath. The protein concentration of each 
step was determined using a BCA protein assay (Pierce, 
Rockford, IL). 

2.6 Separation of membrane proteins 

2.6.1 One-dimensional electrophoresis 
All reagents for electrophoresis were of the highest purity 
obtainable. Aliquots of each purification step were collect- 
ed and separated on a 4-20% SDS mini gel. Each slot 
was loaded with a volume of sample containing 50 pg pro- 
tein. One-dimensional polyacrylamide gel electrophoresis 
was performed according to Laemmli [32] in a 4-20% gra- 
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dient mini gel using the prestained low range standards 
from Sigma (Deisenhofen. Germany) and the SDS-PAGE 
low range standards (Bio-Rad) The proteins were stained 
with Coomassie blue 

2.6.2 Two-dimensional electrophoresis and 

The highly enriched human sperm membrane proteins 
were separated by 2-D PAGE [33, 341 lsoelectric focus- 
ing, as a first dimension, was performed on precast Dry- 
Strip IPG 4-7 L with Multiphor II (Pharmacia) Seventy- 
five pg membrane proteins solved in the above-described 
IEF buffer with a final volume of 75 pL was loaded in each 
sample cup and one strip of six strips was loaded with 
10 pL 2-D SDS-PAGE standards (Bio-Rad) The IEF step 
was performed at 15'C at a final voltage of 3500 V and a 
total of 150 kVh The equilibration was performed as de- 
scribed [35] 

Western blot 

The second dimension was carried out on 12% SDS poly- 
acrylamide gels (10 x 13 X 0 1 cm) with a maximum cur- 
rent of 20 mA and maximum voltage of 150 V For the mo- 
lecular mass determination, prestained SDS-PAGE 
standards and the SDS-PAGE low range standards (Bio- 
Rad) were used One IPG gel with 2-0 SDS-PAGE stand- 
ards was run parallel to five SDS gels The membrane 
protein patterns were visualized by silver staining [36] 
Separated membrane proteins were electrotransferred 
semidry onto Immobilon-P PVDF sheets ( 0 8  mA/cm2, 
Millipore, Eschborn, Germany) using a semidry electro- 
phoretic apparatus (Pharmacia) according to the proce- 

dure described by Millipore [37]. The blots were exposed 
to seminal plasma samples from patients diluted 1:20 and 
150, according to the procedure of Lee eta/. [38] for spe- 
cific probing. The secondary antibody, conjugated with 
peroxidase (AffiniPure Goat Anti-Human IgG. IgM, IgA ( H  
+ L); dianova, Hamburg, Germany) was used at a 
1 : l O  000 dilution. The ECL kit (Amersham) was used to 
identify the immunoreactive antigenic proteins. The ECL 
procedure was performed according to the manufactur- 
er's instructions. 

2.7 Gel scanning 

Stained gels were scanned in a wet state using a ScanJet 
6100CIT and the HP DeskScan II software (Hewlett- 
Packard, Greeley, CO, USA). The figures were drawn us- 
ing Core1 PHOTO PAINT 6. 

3 Results 

3.1 Membrane preparation and one- 
dimensional electrophoresis 

Figure 1 illustrates the different protein purification steps 
after separation using one-dimensional SDS polyacryl- 
amide gradient gel and visualization with Coomassie bril- 
liant blue. The expression patterns of proteins from the 
whole spermatozoa extract (lane 1) differed clearly from 
the enriched membrane protein extract (lane 7). The good 
quality of the membranes was monitored by electron mi- 
croscopy [24]. 

3.2 2-D gel electrophoresis and antigen 

Two-dimensional electrophoresis offers resolution and 
separation of the proteins according to isoelectric points 
(pl) as well as molecular weights. Figure 2 shows a 2-D 
silver staining pattern of enriched sperm membrane pro- 
teins. The proteins had p/  between 4 and 7 and an appar- 
ent molecular mass ranging between 10 and 110 kDa. 
The immunodetection of the sperm surface antigens by 
SpAb were compared with a 2-D-separated membrane 
pattern visualized with silver. All the recognized antigens 
were marked with circles in silver-stained gels, matched 
with immunoreactive spots in Western blots with patients' 
SpAb (Fig. 2). To date, 14 antigens were detected with 

of the antigens were shared by many patients, while other 
antigens were detected only in individual cases. All semi- 

nal Plasma Samples containing SpAb showed immuno- 
reactivity to at least three of the 14 surface antigens but 
no patient SpAb reacted with all of them. lmmunoblots of 
two patients are exemplarily reported in Fig. 3. Table 1 

detection 

Figure '' SDS-PAGE Of 'perm pro- seminal plasma antibodies in the 2.D Western blot, Some 
teins on a 4-20% gradient mini gel; Coornassie staining; 
each slot was loaded with 50 pg protein. Lane (1) whole 
sperm protein; (2) whole sperm protein after the treatment 
with hypoosmotic medium; (3) pellet after 3000 x g ;  
(4) supernatant after 10 000 x g; (5) pellet after 10 000 x 
g ;  (6) supernatant after 100 000 x g; (7) membrane pro- 
teins. pellet after 100 000 X g. 
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Figure 2. 2-D electrophoresis of membrane proteins from human spermatozoa. IEF with IPG (linear 4-7 pH gradient) was 
performed with 75 pg protein sample for the first-dimensional separation. The second dimension was carried out on a 
homogeneous running gel (12%T) and 4% stacking gel. Detection was done by silver staining. The circles indicate spots in 
silver-stained gel matching with immunoreactive spots in Western blots with patients' SpAb. 

summarizes the distribution of positive reactions obtained 
by 2-D immunoblotting between separated sperm mem- 
brane antigens of different MJpl and antisperm antibodies 
present in seminal plasma from patients. The frequency 
of sperm membrane antigens binding with the sperm anti- 
bodies in the 20 patients by Western blot analysis is dis- 
played in the last column. All patients (100%) had SpAb 
to the antigen with a molecular mass of 75.2 kDa and a pl  
of 5.4. Nearly all patients had SpAb against antigen 7 
(95%), antigen 11 (90%) and antigen 12 (95%). The con- 
trol samples showed no reaction with any of the mem- 
brane proteins of human sperm. 

4 Discussion 

In this study, membrane extracts of donor sperm were 
used as the antigen source for immunoblotting of soluble 

sperm autoantibodies of seminal plasma samples. The 
purpose of this study was to generate a map of human 
sperm membrane antigens immunologically detected by 
SpAb. To identify the antigens concerned, it is important 
to check the purity of the sperm membrane preparation. 
Sperm extracts obtained by previous investigators using 
detergent extraction were probably contaminated with ac- 
rosomal, cytoplasmatic and nuclear sperm proteins. Xu el 
a/. [39] indicated that more than 85% of the proteins in the 
whole sperm extract originated from subcellular organ- 
elles and cytoplasm instead of the membrane. Also, the 
antigens detected from whole sperm preparations do not 
provide information on the antigens involved in immuno- 
logical infertility processes, since nearly all men have 
SpAb against intracellular antigens, such as nuclear pro- 
teins [40]. Only the surface antigens may induce immuno- 
logical infertility, therefore only the evidence of autoanti- 
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sperm surface proteins, they are of no use in the detec- 
tion of antigens involved in sperm functions. To improve 
the reproducibility of sperm membrane protein profiles we 
used the swim-up preparation technique for separation of 
motile mature spermatozoa, by which dead sperms and 
nonsperm cells are removed. The isolation of highly en- 
riched human sperm membranes and the subsequent 
separation with 2-D electrophoresis made it possible to 
identify and characterize the membrane antigens. Two-di- 
mensional electrophoresis employing immobilized pH 
gradient (IPG) gels produced well-reproducible sperm 
protein pattern. 

-29.9 
-29.6 

I I 
Figure 3. Two-dimensional Western blots of sperm 
membrane proteins against SpAb obtained by seminal 
plasma from two patients. (A) Patient 1, binding against 
antigens ag6, ag8, ag9; (B) patient 2 binding against anti- 
gens ag6, ag7, ag8, aglO, ag l l ,  ag12. 

Table 1. Molecular masses and isoelectric focusing 
points of membrane antigens binding with sperm antibod- 
ies in 20 patients by Western blot analysis 

Antigen M,(kDa) p l  No. of patient (“A) 

85.2 
84.1 
65.9 
64.0 
63.3 
57.2 
57.2 
52.9 
52.9 
50.5 
29.9 
29.6 
28.9 
27.9 

5.4 2( 10) 
5.50 3( 15) 
5.30 6( 30) 
5.70 2( 25 
5.80 17( 85) 
5.40 20(100) 
5.55 19( 95) 

6.10 4( 20) 
5.30 40) 

5.10 14( 70) 
4.30 18( 90) 
5.40 19( 95) 
5.05 16( 80) 
6.00 6( 30) 

Antigens that were reactive against 90% or more of semi- 
nal plasma samples are highlighted. 

bodies binding to sperm surface antigens is an indicator 
of this disease. If we consider that most of the monoclonal 
antibodies produced against sperm do not react with 

The characterization of sperm surface molecules would 
be useful not only in understanding the complex process- 
es of differentiation and maturation during spermatogene- 
sis, but also for the role of membrane proteins in different 
sperm functions [41]. Further studies should determine 
which of these 14 antigens are related to sperm functions 
and which are important in the process of fertilization. 
Previous investigations supported the association of only 
a part of the antigens associated with immunological in- 
fertility [42]. Only the “fertility-related antigens will be of 
value in diagnosing immunological infertility. This will also 
provide a basis for developing immunological methods of 
contraception. Our further investigations will focus on the 
relevance of certain surface antigens for sperm functions 
such as acrosome reaction, sperm motility and zona bind- 
ing and on the amino acid sequencing of the antigens de- 
tected, especially the antigens ag6, ag7, agl 1 , and ag12. 
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Mapping and identification of HeLa cell proteins 
separated by immobilized pH-gradient 
two-dimensional gel electrophoresis and 
construction of a two-dimensional polyacrylamide 
gel electrophoresis database 

The HeLa cell line, a human adenocarcinoma, is used in many research fields, since it 
can be infected with a wide range of viruses and intracellular bacteria. Therefore, the 
mapping of HeLa cell proteins is useful for the investigation of parasite host cell inter- 
actions. Because of the recent improvements of two-dimensional gel electrophoresis 
with immobilized pH gradients (IPG) compared to isoelectric focusing with carrier am- 
pholytes, a highly reproducible method for examining global changes in HeLa cell pro- 
tein expression due to different stimuli is now available. Therefore, we have initiated 
the mapping of [35S]methionine/cysteine-labeled HeLa cell proteins with the 2-0 PAGE 
(IPG)-system, using matrix-assisted laser desorption/ionization-mass spectrometry 
(MALDI-MS) and Kterminal sequencing for protein identification. To date 21 proteins 
have been identified and mapped. In order to make these and future data accessible 
for interlaboratory comparison, we constructed a 2-D PAGE database on the World 
Wide Web. 

Keywords: HeLa / Two-dimensional gel electrophoresis / Immobilized pH gradient / World Wide 
Web / MakePddb 

1 Introduction 

The application of two-dimensional polyacrylamide gel 
electrophoresis (2-D PAGE) for the separation of complex 
samples, such as cell lysate, is the best available method 
for looking for changes in protein expression on a large 
scale. In our laboratory we have a long-term interest in in- 
vestigating changes in protein expression during interac- 
tion between the obligate intracellular bacterium Chlamy- 
dia fracbornatis and its host cell [ l .  21. For this purpose 
we have used the HeLa cell, a human adenocarcinoma 
cell line which is suitable as a host cell for infection with a 
wide range of viruses and intracellular bacteria in vifro. 
HeLa cell proteins have previously been mapped by 
means of 2-D PAGE with carrier arnpholytes [3]. How- 
ever, an increasing number of investigators are now using 
2-D PAGE with immobilized pH gradient (IPG) due to the 
higher resolution and reproducibility of this system. The 
standardization of this technique is, in part, a result of the 
commercially available IPG drystrips [4]. Furthermore, 

~ 
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EL 3369 

sample loading has been considerably eased by the intro- 
duction of reswelling cassettes, allowing direct loading of 
proteins onto the IPG strip [5]. In addition, the 2-D PAGE 
(IPG) system has a higher loading capacity, so that fewer 
preparative gel runs are required to obtain sufficient 
amounts of protein for identification. In combination with 
sensitive MALDI-TOF-MS techniques and because of the 
growing amount of proteins listed in databases, the 2-0 
PAGE (IPG) system is now a powerful tool in proteome 
analysis. The gel patterns from the two different 2-D 
PAGE systems are not easily matched, making compari- 
son of old and new data questionable [6]. We have chos- 
en to identify HeLa cell proteins by MALDI-MS or N-termi- 
nal sequencing instead of comparing gels to existing 
maps of HeLa cells or 2-D PAGE (IPG) of other human 
cell lines. In order to make these data available on the 
World Wide Web, we have constructed a parasite host 
cell interaction 2-D PAGE database (PHCI-2DPAGE) by 
installing the Make2ddb 1.1 software [7] from the SWISS- 
2DPAGE [8, 91 on a server (www.gram.au.dk). 

2 Materials and methods 

2.1 Cultivation and 35S-labeling of HeLa cells 

The HeLa 229 cell line was obtained from American Type 
Culture Collection (ATCC, Rockville, MD, USA). The cells 
were cultivated in RPMl 1640 (Gibco BRL, Grand Island, 
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NY, USA) containing 10% fetal calf serum (FCS; Gibco 
BRL) and 10 pg/mL gentamicin at 37'% in a 5% Con 
atmosphere. Semiconfluent monolayers were labeled for 
6 h with 100 pCi/mL [35S]methionine/cysteine (Promix, 
Amersham, England) in a methionine-free RPMl 1640 
medium. The HeLa cells were subsequently washed 
in PBS and solubilized in a 9 M urea, 4% w/v 3-[(3- 
cholamidopropyl)dimethyl-ammoniol-1 -propanesulfonate 
(CHAPS), 40 mM Tris base, 65 mM dithioerythritol (DTE), 
2% v/v Pharmalyte 3-10 (Pharmacia Biotech, Uppsala, 
Sweden) and sonicated. The amount of 35S-incorporation 
was determined by TCA precipitation. 

2.2 Two-dimensional gel electrophoresis 

For isoelectric focusing, linear 18 cm immobilized pH 4-7 
gradient drystrips (Pharmacia Biotech) were used. Using 
a reswelling tray (Pharmacia Biotech), strips were soaked 
overnight in 400 pL of the lysis solution, containing 3.5 x 
lo5  cpm of labeled proteins. Rehydrated strips were run 
on a Multiphor I1 (Pharmacia) at 15OC for 1 h at 300 V, 1 h 
at 400 V, 1 h at 500 V, 3 h at 3500 V and 24 h at 5000 V. 
After the first-dimensional separation, strips were equili- 
brated in 6 M urea, 30% glycerol, 2% w/v SDS, 0.05 M 

Tris-HCI, pH 6.8, and 2% w/v DTE for 15 min. The strips 
were subsequently equilibrated for 15 min in buffer, in 
which DTE was replaced with 2.5% w/v iodoacetamide. In 
the second-dimensional run, the proteins were separated 
on 9-16% linear gradient polyacrylamide gels until the 
dye front had reached the bottom. The gels were fixed in 
a solution containing 10% acetic acid and 25% 2-propanol 
for 30 min, treated with Amplify (Amersham Pharmacia 
Biotech) for 30 min and vacuum-dried before exposure to 
Kodak Biomax-MR X-ray films. Preparative gels for Ed- 
man degradation and matrix-assisted laser desorption/ 
ionization time of-flight mass spectrometry (MALDI-TOF- 
MS) were loaded with 4 mg protein per strip. Preparative 
gels were run for 72 h instead of 24 h in the last step of 
the focusing. 

2.3 In-gel digestion of proteins 

For visualization of HeLa cell proteins on preparative gels 
for identification by MALDI-MS, 2 x lo6 cpm of labeled 
proteins from cells grown in parallel were added to the un- 
labeled samples. After separation by 2-D PAGE (IPG) the 
gels were vacuum-dried without prior fixation. In-gel di- 
gestion was carried out essentially as previously de- 
scribed [6, 10, l l ] .  Protein spots were excised from the 
gels, washed in 50 mM NH,HCOJacetonitrile (60/40) and 
dried by vacuum centrifugation. Modified porcine trypsin 
(12 ng/mL sequencing grade; Promega, Madison, WI, 
USA) in digestion buffer (50 mM NH4HC03) was added to 

the dry gel pieces and incubated on ice for 1 h for reswel- 
ling. After removing the supernatant, 20-40 pL digestion 
buffer without trypsin was added and the digestion was 
continued at 37OC for 4-18 h. The peptide mixture was 
extracted, vacuum-dried and redissolved in 10-20 pL of 
5% formic acid prior to mass analysis. 

2.4 Desalting and concentration of peptide 

Custom chromatographic columns, consisting of 300 nL 
of Poros R2 material (20 or 50 pm bead size; PerSeptive 
Biosystems, Framingham, MA, USA) packed into a con- 
stricted GELoader pipette tip (Eppendorf, Hamburg, Ger- 
many), were used for desalting and concentration of the 
extracted peptide mixtures prior to mass spectrometric 
analysis [12]. A 10 mL syringe was used to force liquid 
through the column by applying gentle air pressure. Pep- 
tide mixtures were dissolved in 5% formic acid, loaded on- 
to the column, and washed with 20 pL of 5% formic acid. 
For analyses by MALDI-MS, peptides were eluted with 
0.4 pL matrix solution (15-20 g/L of a-cyano-4-hydroxy- 
cinnamic acid in 70% acetonitrile) and deposited directly 
onto the target. 

mixtures 

2.5 MALDI-TOF-MS of digests 

A Bruker REFLEX MALDI time-of-flight mass spectrome- 
ter (Bruker-Franzen Analytik GmbH, Bremen, Germany), 
equipped with the SCOUT source and variable detector 
bias gating, was employed for mass analysis of peptide 
mixtures in positive ion reflector mode. Ion acceleration 
voltage was 22 kV. Two MALDI sample preparation meth- 
ods were used. In the first, the dried droplet method, ana- 
lyte solution, 2% TFA, and the matrix solution (15-20 g/L 
a-cyano-4-hydroxycinnamic acid in 70% acetonitrile) 
were mixed in equal proportions (0.3 pL) on the target 
and dried. The dry crystalline deposit was rinsed carefully 
with a small volume of 0.1% TFA. In the second method, 
peptide mixtures were desalted by using custom micro- 
columns and directly deposited onto the MALDI probe by 
elution with matrix solution as described above. 

2.6 /+terminal sequencing 

For identification by Edman degradation, proteins were 
electrotransferred from preparative gels to PVDF mem- 
branes (Millipore. Bedford, MA, USA) according to Tow- 
bin et a/. (1 31. These membranes were then stained with 
Coomassie Brilliant Blue R-250, and spots from various 
positions in the 2-D pattern were excised and analyzed 
with an Applied Biosystems 494 protein sequencer (Per- 
kin Elmer, Notwalk, CT, USA). 
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2.7 Database search for protein identification 

Identification of peptide mass fingerprints was performed 
by searching the peptide mass map in a comprehensive 
nonredundant protein sequence database (NRDB, Euro- 
pean Bioinformatics Institute, Hinxton, UK) using Peptide- 
Search software [14], which was further developed at 
EMBL. The protein identifications were evaluated using 
the "second pass search" feature of the software. Peptide 
Search and the database indexfile are available via the 
WWW at http//:www.mann.embl-heidelberg.de. Identifica- 
tion of proteins based on their Kterminal sequences was 
done using the FastA program from the GCG Package 
(Genetics Computer Group, Madison, WI, USA). 

2.8 Software for construction of WWW-2D 
PAGE database 

The Melanie 2-D software package for SUN Solaris (Bio- 
Rad. Richmond, CA) was used to annotate gel pictures. 
The Wisconsin Package Version 9.1 (GCG) for UNlX was 
used for extracting SWISS-PROT protein sequences. To 
construct the WWW database the Make2ddb package 
from the ExPASy server (http://expasy.hcuge.ch/ch2D/ 
make2ddb.html) was used. For editing sequences the text 
editor "emacs" was employed. 

3 Results and discussion 

3.1 Identification of HeLa cell proteins with 

Four mg of HeLa cell protein and 2 x lo6 cpm of [35S]-la- 
beled HeLa cell protein were separated by 2-D PAGE 
(IPG 4-7), resulting in high-resolution 2-D gel patterns. 
Proteins from different areas of the gels were excised and 
subjected to in-gel digestion. Analysis of 23 spots was 
done by MALDI-TOF-MS. Figure 1 shows the peptide 
mass fingerprint that identified TCPE-HUMAN (T-com- 
plex protein 1). By searching the database with 20 peptide 
masses, matches were found to the TCPE-HUMAN and 
to an "unknown" reading frame from a cDNA clone which 
was 100 % identical to TCPE-HUMAN (Table 1). Four- 
teen matches corresponded to the mouse homologue of 
the T-complex protein 1. Of the 23 spots on which mass 
spectrometry was performed, 19 proteins were identified 
with high confidence (Table 2). The high identification rate 
is presumably due to the relatively high abundance of the 
proteins identified. 

MALDI-TOF-MS 

3.2 Identification of proteins by Kterminal 

Four mg of HeLa cell proteins were separated by 2-D 
PAGE (IPG 4-7), and the proteins were transferred to 

sequencing 

1817 WO 

'2111.230 

m/z (Da) 
Figure 1. MALDI-TOF-MS spectrum of human T-complex protein. By means of Peptidesearch 20 peptides 
could be matched to the TCPE-HUMAN from the SWISS-PROT database. 
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Table 1. Database search of peptide masses that identified TCPE-HUMAN 

Hits Database I ac M, Name 

A. C. Shaw et a/. 

20 swisslP48643 59671 3 6  TCPE-HUMAN T-COMPLEX ROTEIN 1 
20 tlD43950 60122.09 HSKGlDD-1 GENE “KIAA0098 
14 swisslP80316 59624.42 TCPE-MOUSE T-COMPLEX PROTEIN 1 
9 swisslQ13415 97359.20 ORC1-HUMAN ORIGIN RECOGNITION C 
9 sptlQl3471 97350.18 Q13471 REPLICATION CONTROL PROTEIN 
8 swisslPO8428 58983.03 ATPA-XENLA ATP SYNTHASE ALPHA C 

Table 2. HeLa proteins identified by MALDI-TOF-MS and Kterminal sequencing 

Identifi- MJplcalcu- MJpl ACC) I Dd’ Name 
cation lateda) observedb) 

Me’, E” 
E 
M 
M 
M 
E 
M 
M, E 
M 
M 
M 
M 

M, E 

M 
M 
M 

M 

5a.o*15.24* 
68.8’15.51’ 
70.915.37 
59.715.45 
42.6*15.34 
49.1’15.43 
36.515.38 
24.614.50’ 
16.7’15.08 
11.6’14.82 
11.714.42 
26.015.75 

54315.61 

14.61534 
53.615.06 
50.614.97 

70.314.90 

21.914.91 
38.616.64 
53.115.83 

23.2’15.44 

58.015.24 
68.815.51 
67.Z5.40 
57.315.50 
42.615.48 
49.115.64 
37.915.52 
27.914.5 
16.715.08 
11.61435 
13.514.30 
27.615 .00 

54.315.79 

12.015.00 
52.015.00 
50.2l5.00 

71.515.00 
71.514.97 
71.514.93 
22.314.83 
37.016.42 
53.016.07 

23.215.50 

P10809 
P38646 
Q 1 3347 
P48643 
P12277 
P31930 
(213347 
P24534 
P10159 
P10599 
P42899 
Q06323 

P30101 

PO9382 
PO8670 
PO8779 

P11021 

P28072 
PO4003 
P23381 

PO921 1 

P6O-HUMAN 
GR75-HUMAN 
HS7C-HUMAN 
TCPE-HUMAN 
KCRB-HUMAN 
UCR1-HUMAN 
IF34-HUMAN 
EFlB-HUMAN 
IF5A-HUMAN 
THIO-HUMAN 
RLAZHUMAN 
IGUP-HUMAN 

ERGO-HUMAN 

LEG1-HUMAN 
VIME-HUMAN 
KlCX-HUMAN 

GR78-HUMAN 

PRCD-HUMAN 
ANX1-HUMAN 
SYW-HUMAN 

GTP-HUMAN 

Human rnitochondrial HSP6O 
Human rnitochondrial HSP70 
Human heat shock cognate 71 
Human T-complex protein 1 
Human creatine kinase, B-chain 
Human cytochrome c reductase 
Human eukaryotic translation factor 
Human elongation factor 1 
Human initiation factor 5A 
Human thioredoxin 
Human 60s ribosomal protein P2 
Interferon gamma up-regulated 
1-51 11 protein precursor 
Human protein disulfide iso- 
merase 
Human galectin-1 
Human vimentin 
Human keratin, type I 
cytoskeletal 17 

Human GRP78 

Human proteosome delta chain 
Human annexin I 
Human tryptophanyl tRNA 
synthetase 
Human glutathione S-transferase 

a) MJplcalculated: pldetermined with pK of the amino acid residues in 9 M urea 
b) MJplobserved: determined by using the Melanie II software 
c) AC, SWISS-PROT accession number 
d) ID, SWISS-PROT identification name 
e) M, MALDI-MS (peptide mass tolerance: < 0.5 Da) 
f) E, Edman degradation (see Table 3) 
Asterisks (*), markers used for MJplscale 

PVDF membranes and stained with Coomassie blue. (Table 3). Database searching using the FastA pro- 
Although Edman degradation sequencing was done on gram identified proteins unambiguously. Sequences 
33 excised spots, sequences were obtained for only were located either at the Kterminus of the protein or 
six protein spots. This was probably due to Kterminal after a potential signal peptide. Four spots were identi- 
blocking since a result was often not obtained even fied by using both N-terminal sequencing and mass 
when analyzing strongly stained protein spots. A se- spectrometry, and both methods identified the same 
quence length from 7 to 18 amino acids was obtained proteins (Table 2). 
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Table 3. Kterminal sequences and results of FastA database search 

ID Sequence: theoretical/experimental Name 

PGO-HUMAN AKDVKFG/ Human mitochondrial HSPGO 
AKDVKFG 

GR75-HUMAN ASEAIKG/ Human mitochondrial HSP70 
ASEAIKG 

UCR1-HUMAN TATFAQALQ/ 
XATFAQALQ 

EF1 B-HUMAN GFGDLKSPAGl 
GFGDLKSPAG 

ER60pHUMAN SDVLELTDDN/ 
SDVLELTDDX 

GR78-HUMAN EEEDKKEDVGTVVGIDLG/ Human GRP78 
EEEDKKEDVGTVVGIGLG 

Human cytochrome c reductase 

Human elongation factor 1 

Human protein disulfide isomerase 

‘X’ in the sequence: no interpretation could be made 
ID, identification number in SWISS-PROT 

3.3 Determination of molecular coordinates for 
proteins 

lsoelectric points and molecular weights for the identified 
proteins were estimated with the “Compute pl/Mw tool” on 
the ExPASy server, which calculates the p& values for 
the amino residues in 9 M urea according to Bjellquist et 
a/. [15, 161. The proteins used to establish a p//M, scale 
are labeled with asterisks (*) in Fig. 2. The p l  and M, val- 
ues were inserted using the landmark tool in the Melanie 
II software and gave good agreement between theoretical 
and observed coordinates for most of the identified pro- 
teins. 

3.4 Construction of the parasite host cell 
interaction (PHCI) 2-D PAGE database 
using the Make2ddb software 

The requirements to make a 2-0 gel database with the 
Make2ddb software are a SUN computer with Solaris, 
and the Melanie II software. The first step in making the 
2-D gel database was to detect the protein spots with the 
Melanie II software. Protein spots were then identified by 
peptide mass fingerprinting and/or Nterminal sequenc- 
ing. They were then labeled with SWISS-PROT acces- 
sion numbers using the labeling tool in the Melanie II soft- 
ware. In the next step, a data file containing a subset of 
the information from the SWISS-PROT data entry and the 
specific 2-D gel information was made. We generated this 
file by typing a file (2d.s~)  containing the SWISS-PROT 
identification (ID) of each identified protein. The database 
entries were copied to the local disc with the command 
fetch Q2d.s~.  The identification line (ID), the accession 
number line (AC), and the description lines (DE) of the 
SWISS-PROT entry were extracted. This was done with 
the UNlX command “egrep”. 

egrep h “^ID I^AC /^DE ” + . s w  > HEI.AO1.dat 

The extracted data were redirected to a data file with the 
same name as the Melanie 2-0 gel image (HELAO1) but 
with an extension (.dat] (HELA01 .dat). The file was man- 
ually edited in ernacs, each reference was separated by a 
line with //, and the specific data for the 2-D gels were 
added for each entry (2D). A masterline (MT) was added 
stating the name of the gel from which the spot had been 
identified. in this case HELAO1. 

The first line in the 2D entry indicates the name of the 
master gel (HELAOl). This was followed by the experi- 
mentally determined isoelectric point and molecular 
weight for the protein, as exemplified by: 

20 - 1 -  MASTER HELAO1, 

2 0  - 1 -  P I I M W = ~  o0/71500, 

2D - L  PIlMW=4 97171500: 

2D - 1 -  PI/MW=4 93171500; 

Therefore, if a protein with one accession number has 
many isoforms, all of these will be indicated. Furthermore, 
the entry can contain a serial number (spot 2-D number) 
that is a unique spot-identifier across all 2-D databases. 
The entry for one protein in the HELAOl .dat file with rele- 
vant data is as follows: 

I /  

ID GR78-HUMAN: PRELIMINARY 2DG 

AC P11021; 

DE 78 KD GLUCOSE REGULATED PROTEIN PRECURSOR (GRP 78) 

(IMMUNOGLOBULIN DE HEAVY CHAIN BINDING PROTEIN) (BIP). 

IM HELAO1. 
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2D - ! -  MASTER: HELAO1; 

2D - ! -  PI/MW=5.00/71500; 

2D - ! -  PI/MW=4.97/71500; 

2D - ! -  PI/MW=4.93/71500; 

DR SWISS-PROT; P11021; G R 7 8 H U M A N  

/ /  

A database cross-reference (DR) is made for the protein 
to the SWISS-PROT, which is used as a link to other data 
for the protein. When the Melanie file (HELAO1) and HE- 

LAOl.dat files are generated, the new database site is 
made using the program Make2ddb. The PHCI-2DPAGE 
database is accessible at http://www.gram.au.dk. 

4 Concluding remarks 

The high identification rates of HeLa cell proteins ob- 
tained by MALDI-MS and Nterminal sequencing dernon- 
strate the magnitude of human proteins existing in data- 
bases and their usefulness in proteomics. So far, this has 
enabled us to map and annotate 21 HeLa cell proteins. 

Figure 2. Two-dimensional gel of [35S]methionine/cysteine-labeled HeLa cells, annotated in the Mela- 
nie II software with "landmarks": SWISS-PROT accessions names (text labels), SWISS-PROT acces- 
sion numbers (numbered labels), asterisks (*) on labels indicate proteins with theoretical MJpl that were 
used for calculation of p l  and M, scales. 
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We used the p& in 9 M urea [ l l ,  121 for selected marker 
proteins on the 2-D gels, which yielded a good agreement 
between theoretical and observed p l  values obtained for 
the identified proteins. This gives a good opportunity to 
look for post-translational modifications of proteins, a 
growing field in proteomics. For example, the most basic 
variant of the human glucose binding protein GRP78 (an- 
notated GR78-HUMAN) has a p l  identical to that calculat- 
ed, and the two acidic forms (P11021; Fig. 2) probably 
arise from phosphorylation events [17]. We are planning 
to include other data related to the mapped proteins such 
as changes in expression of proteins due to infection with 
parasites or treatment with interleukins. The widespread 
use of 2-D PAGE (IPG) has made interlaboratory compar- 
isons of 2-D gels a manageable task [la]. Hopefully, a da- 
tabase of proteins from a human cell line used in a wide 
range of biological investigations will contribute to this 
standardization. 

We are grateful to Karin Skovgaard and lnger Andersen 
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was received from the Danish Health Research Council 
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Mapping and identification of interferon gamma- 
regulated HeLa cell proteins separated by 
immobilized pH gradient two-dimensional gel 
electrophoresis 

Interferon gamma (IFN-y) is a potent immunomodulatory lymphokine, secreted by acti- 
vated T-lymphocytes and NK-cells during the cellular immune response. Actions of 
IFN-y are mediated through binding to the IFN-y-receptor, present on most cells, and 
the subsequent activation of a great magnitude of IFN-y responsive genes has been 
reported previously. Our goal is to identify and map IFN-y-regulated HeLa cell proteins 
to the two-dimensional polyacrylamide gel electrophoresis with the immobilized pH 
gradient (IPG) two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) sys- 
tem. A semiconfluent layer of HeLa cells was grown on tissue culture plates, and 
changes in protein expression due to 100 UlmL IFN-y were investigated at different 
periods after treatment, using pulse labeling with [35S]methionine/cysteine in combina- 
tion with 2-D PAGE (IPG). The identity of eight protein spots was elucidated by matrix- 
assisted laser desorption/ionization-mass spectrometry (MALDI-MS), and several var- 
iants of the IFN-yinducible tryptophanyl-tRNA synthetase (hWRS) were detected by 
immunoblotting. 

Keywords: Interferon gamma / Two-dimensional polyacrylamide gel electrophoresis / Immobi- 
lized pH gradient / HeLa / Pulse labeling EL 3405 

1 Introduction 

IFN-y is an important lymphokine, responsible for pleio- 
tropic effects in the cell-mediated immune response. In 
contrast to IFN-a and p (type I interferon), which are pro- 
duced in a wide range of cells upon virus infection, IFN-y 
(type II interferon) is produced primarily by T-lymphocytes 
and natural killer cells [ l  , 21. Actions of IFN-y in the regu- 
lation of antigen-specific and nonspecific immunological 
functions involve the stimulation of IgG- class switching in 
B cells, increased expression of class I and II MHC com- 
plex antigens, antiproliferative effects, antiviral effects, 
and activation of both macrophage-dependent and inde- 
pendent killing of intracellular parasites [3]. Many activi- 
ties of IFN-yare believed to be mediated through IFN-y-in- 
duced proteins, which are activated at the end of a signal 
transduction pathway, which has been described in some 
detail; IFN-y acts through binding of a specific receptor on 
target cells. Upon ligand binding the receptor is activated 
by tyrosine phosphorylation through the JAK1 and JAK2 
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kinase that are associated with the cytoplasmic domain of 
the IFN-yreceptor. The activated receptor complex sub- 
sequently catalyzes the tyrosine phosphorylation and acti- 
vation of a group of cytoplasmic proteins, the STATs (sig- 
nal transducers and activators of transduction), which, in 
turn, dimerize and enter the nucleus in order to bind and 
activate IFN-y-specific DNA regulatory elements [4, 51. 

The number of known IFN-yregulated genes has in- 
creased to over 200 genes, elucidating the magnitude of 
immunologic functions [6]. 2-D PAGE has been used as a 
powerful tool to investigate IFN-yregulated proteins in dif- 
ferent cell lines in several investigations [7-111. With this 
approach, differential expression of some IFN-y-regulated 
proteins in different cell types [8] and synergic effects with 
other cytokines [12, 131 can be investigated in detail. Due 
to the recent improvements of 2-D PAGE (IPG) and the 
application of sensitive MALDI-MS for identification of 
protein spots, we now aim to localize and map IFN-y 
regulated proteins from a widely used cell line, using the 
2-0 PAGE (IPG) system. In this paper we report the map- 
ping, identification and expression patterns of six different 
IFN-yregulated HeLa cell proteins. 

2 Materials and methods 

2.1 Sample preparation 

HeLa 229 cells (human epitheloid carcinoma, cervix) were 
obtained from the American Type Culture Collection 
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(ATCC, Rockville, MD, USA) and cultivated in RPMl 1640 
(Gibco BRL, Grand Island, NY, USA) containing 10 fetal 
calf serum (FCS) and 10 pg/mL gentamycin at 37OC in a 
5% C02 atmosphere. Cells were grown to a semiconflu- 
ent monolayer. At the beginning of the pulse labeling ex- 
periments the medium was changed to a methionine-free 
RPMl 1640 medium (Life Technologies, Roskilde, Den- 
mark) containing 10% FCS, 10 pg/mL gentamycin, 100 
pCi/mL [35S]methionine/cysteine (Promix, Amersham, 
UK) with or without addition of 100 U/mL human recombi- 
nant IFN-y (Schering-Plough, Bloomfield, NJ, USA). Sub- 
sequently, cells were washed in PBS and loosened with 
a rubber policeman in a lysis buffer containing 9 M urea, 
4% w/v 3-[(3-chloramidopropyl)dimethylam~onium]-l- 
propane-sulfonate (CHAPS), 40 mM Tris base, 65 mM di- 
thioelythritol (DTE), 2% v/v Pharmalyte 3-1 0; (Pharmacia 
Biotech, Uppsala, Sweden) and sonicated. Supernatants 
were stored at -7OOC until used. 

2.2 Two-dimensional gel electrophoresis 

For isoelectric focusing, linear 18 cm immobilized pH 4-7 
gradient drystrips (Pharmacia Biotech) were used. Each 
strip was soaked overnight, in 400 pL of the lysis solution 
containing the labeled proteins, in a reswelling tray (Phar- 
macia Biotech). Rehydrated strips were run on a Multi- 
phor II (Pharmacia Biotech) at 15OC for 1 h at 300 V, 1 h 
at 400 V, 1 h at 500 V, 3 h at 3500 V and 24 h at 5000 V. 
After the first-dimensional separation, strips were equili- 
brated in 6 M urea, 30% glycerol, 2% w/v SDS, 0.05 M 

Tris-HCI, pH 6.8. and 2% w/v DTE for 15 min. The strips 
were subsequently equilibrated for another 15 min in a 
buffer in which DTE was replaced with 2.5% w/v iodoace- 
tamide. A Protean II xi Multicell (Bio-Rad, Richmond, CA, 
USA) was used for the second-dimensional run. Proteins 
were separated on 9-16% linear gradient SDS-PAGE 
gels (18 cm x 20 cm x 1 mm) until the dye front had 
reached the bottom. The gels were fixed in a solution con- 
taining 10% acetic acid and 25% 2-propanol for 30 min, 
treated with Amplify (Amersham, Uppsala, Sweden) for 
30 min and dried in a vacuum drier before exposure to 
Kodak Biomax-MR X-ray films for different periods of 
time. 

2.3 Computer analysis 

X-ray films were scanned on an HP Scanjet 3cn. Chang- 
es in protein expression were investigated by means of 
the Melanie II software (Bio-Rad). The optical density 
volumes of regulated spots were measured. Actin, a-tu- 
bulin and P-tubulin were not found to be regulated by IFN- 
y in this system and were therefore used to normalize the 
OD volumes (optical density integrated over the area) in 

order to obtain values for an increase or decrease in ex- 
pression. In addition, the OD volumes of the protein spots 
were normalized to the total volume of protein spots on 
the gel. 

2.4 Preparative 2-D PAGE 

IPG strips for preparative 2-D PAGE were loaded with 
1 mg or 4 mg unlabeled HeLa cell protein. For visualiza- 
tion of HeLa cell proteins on X-ray films, 2 x lo6 cpm la- 
beled proteins from cells grown in parallel with unlabeled 
cells were added to the sample preparations. In order to 
obtain sufficient isoelectric focusing of proteins, the last 
step of the isoelectric focusing was extended to 72 h. The 
preparative gels were vacuum-dried without prior fixation 
of the proteins. For identification by MALDI-TOF-MS, pro- 
tein spots were excised from preparative 2-D gels with 
IFN-y-untreated or treated HeLa cells. Protein spots were 
either excised from one gel loaded with 4 mg HeLa cell 
protein or pooled together from four gels, each loaded 
with 1 mg protein. To verify that the correct protein was 
removed, a fresh X-ray film was exposed after removal of 
the protein spots. 

2.5 In-gel digestion 

Digestion of protein in excised gel plugs (in-gel) was per- 
formed as described [14, 151 with minor modifications 
[16]. The excised gel plugs were washed in 50 mM 

NH4HCOJacetonitrile (60/40) and dried by vacuum cen- 
trifugation. Modified porcine trypsin (12 ng/pL, sequenc- 
ing grade; Promega Madison, WI, USA) in digestion buf- 
fer (50 mM NH4HC03) was added to the dry gel pieces 
and incubated on ice for 1 h for reswelling. After removing 
the supernatant, 20-40 pL digestion buffer was added, 
and the digestion was continued at 37OC for 4-18 h. The 
peptide mixture was extracted with NH4HC0Jacetonitrile 
(40/60), dried in a vacuum centrifuge and redissolved in 
10-20 pL of 5% formic acid prior to mass analysis. 

2.6 Desalting and concentration of peptide 

Custom chromatographic columns made from disposable 
laboratory plasticware were used for desalting and con- 
centration of the extracted peptide mixtures prior to mass 
spectrometric analysis [17]. A column consisted of 300 nL 
of Poros R2 material (20 or 50 pn bead size; PerSeptive 
Biosystems, Framingham, MS, USA) packed into a con- 
stricted GELoader pipette tip (Eppendorf, Hamburg, Ger- 
many). In order to retain the column resin the narrow end 
of the GELoader tip was constricted by squeezing, e.g., 
with a pair of heated tweezers. A 10 mL syringe was used 
to force liquid through the column by applying gentle air 

mixtures 
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pressure. Peptide mixtures were dissolved in 5% formic 
acid, loaded onto the column, and washed with 20 pL of 
5% formic acid. For analyses by MALDI-TOF-MS, pep- 
tides were eluted with 0.4 pL matrix solution (1 5-20 g/L of 
a-cyano-4-hydroxycinnamic acid in 70% acetonitrile) and 
deposited directly onto the target. 

A. C. Shaw ef a/. 

2.7 Peptide mass mapping by MALDI-TOF-MS 

A REFLEX MALDI time-of-flight mass spectrometer 
(Bruker-Franzen Analytik GmbH, Bremen, Germany) 
equipped with the SCOUT source and variable detector 
bias gating was employed for mass analysis of peptide 
mixtures in positive ion reflector mode. Ion acceleration 
voltage was 22 kV. Two MALDI sample preparation meth- 
ods were used: (i) For coprecipitation of analyte and ma- 
trix according to the dried droplet method, the analyte sol- 
ution, 2% TFA and the matrix solution (15-20 g/L a- 
cyano-4-hydroxycinnamic acid in 70% acetonitrile) were 
mixed in equal proportions (0.3 pL) on the target and 
dried. The dry crystalline deposit was rinsed carefully with 
a small volume of 0.1% TFA. (ii) Peptide mixtures were 
desalted by using custom microcolumns and directly de- 
posited onto the MALDI probe by elution with matrix solu- 
tion as described above. 

2.8 Protein identification by database search 

Protein identification was performed by searching the 
peptide mass map in a comprehensive nonredundant pro- 
tein sequence database (nrdb, European Bioinformatics 
Institute, Hinxton, UK) using Peptidesearch software [ la] 
further developed at EMBL. The protein identifications 
were evaluated using the "second pass search feature of 
the software. Peptidesearch and the database index file 
are available via the WWW at http//:www.mann.embl-hei- 
delberg.de. 

2.9 lmmunoblotting 

Protein sample (0.5 mg), separated by 2-D PAGE, was 
electrotransferred to polyvinylidene difluoride (PVDF) Im- 
mobilon-P membranes (Millipore, Bedford, MA, USA) ac- 
cording to [19]. lmmunodetections were carried out with a 
rabbit polyclonal antibody directed against human trypto- 
phanyl-tRNA synthetase (anti-hWRS) diluted 1/4000 in a 
buffer containing 150 mM NaCI, 20 mM Tris, 0.2% gelat- 
ine, 0.05% Tween-20 (Bio-Rad) and 2% normal goat se- 
rum (Dako, Glostrup, Denmark). The secondary antibody 
used was alkaline phosphatase-conjugated goat anti-rab- 
bit IgG (Bio-Rad) diluted 1:2000. Blots were stained with 
5-bromo-4-chloro-3-indolylphosphate toluidium (BCIP)/ni- 
troblue tetrazolium (NBT) (Bio-Rad). 

3 Results and discussion 

3.1 2-D PAGE (IPG) of [35S]methionine/cysteine 

HeLa cells ere either untreated or treated in presence of 
100 U/mL IFN-y. To investigate changes in protein ex- 
pression to different points after addition of IFN-y, cells 
were labeled with [35S]methionine/cysteine in the intervals 
0-6 h, 6-12 h, 18-24 h and 4 2 4 8  h. Labeled proteins 
were harvested at the end of each interval and subjected 
to 2-D PAGE (IPG), yielding high-resolution 2-D gels, as 
exemplified in Fig. l a  and b. IPG strips in the range of pH 
4-7 were used for better separation of acidic IFN-y-regu- 
lated proteins and to reduce potential contamination of 
excised protein spots, coming from closely adjacent pro- 
teins, during identification. 

HeLa cell proteins 

3.2 Analysis of IFN-yspecific changes in HeLa 

Several proteins with altered expression due to IFN-y 
treatment were observed (Fig. l a  and b). The criterion for 
up- or down-regulation of proteins due to IFN-ywas based 
on an evaluation of a minimum of two gels per experimen- 
tal condition. 2-D gels with IFN-y-treated cell lysates from 
each time interval were compared to IFN-y-untreated con- 
trols gels from the same time interval in order to eliminate 
possible changes in protein expression due to culture 
time. Enlargements from total 2-D gel images show the 
identified IFN-yregulated proteins (designated IGR; mo- 
lecular mass in kDa) and their degree of induction to dif- 
ferent times after addition of IFN-y (Fig. 2-H). OD volum- 
es of proteins were normalized to OD volumes of either 
actin, a-tubulin, P-tubulin or to the total OD volume of pro- 
teins on the gel. When possible, the fold increaselsup- 
pression was calculated as follows: normalized OD 
volumes from IFN-y-treatedlnormalized OD volumes from 
untreated. The values obtained from the different normali- 
zations did not vary significantly, and their mean values 
are used as estimations for fold increase/suppression. 

cell protein expression 

We estimated a 6-fold increase in incorporation of 
[35S]methionine/cysteine into IGR-37.0 (pl 6.4/37.0 kDa) 
upon 6 h treatment with IFN-y (Fig. 2A). The induction de- 
clined to a 2-fold increase at 48 h. Another protein, IGR- 
50.2 (pl 5/50.1 kDa) also reached maximum induction 
early in the time-course study, showing an approximately 
3-fold increase in protein expression at 12 h IFN-y-treat- 
ment (Fig. 28). At 24 h the up-regulation of IGR-50.2 de- 
clined and no induction was detectable 48 h after IFN-y 
treatment (Fig. 28). Furthermore, a protein with the same 
molecular mass, but to the acidic side of IGR-50.2, was 
induced in a similar fashion (open arrow, Fig. 28). The 
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Figure 1: Total 2-D PAGE images of 
[35S]methionine/cysteine-labeled HeLa 
cell proteins (a) untreated or (b) treated 
with 100 U/mL IFN-y for 48 h. Identified 
regulated proteins are designated IGR. 
Quadrants are enlarged in Fig. 2. Actin, 
0-tubulin and a-tubulin are indicated by 
arrowheads. 
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Flgure 2: Enlargements of quadrants from Fig. 
l a  and b, showing the proteins at the time of their 
maximal regulation by IFN-y. Graphs show the fold 
increase/suppression to 6, 12, 24 and 48 h after 
IFN-.I treatment. Intensity of protein spots were 
normalized to OD volumes of either (0) actin, (+) 
a-tubulin, (x) P-tubulin or (42) to the total OD vol- 
ume on the gel (see Fig. 1 for positions on the 
gels). The means of these values are shown as 
lines. IGR-20.2, IGR-53.8a and IGR-49.2 was not 
measurable on 2-D gels with untreated cells and 
their expression was estimated by normalizing to 
the total volume of spots on 2-D gels with I F N r  
treated cells. 
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induction of IGR-27.6 (pl5W27.6 kDa) was not significant 
before 12 h afler IFN-y treatment, where we estimated a 
3-fold increase in [35S]methionine/cysteine incorporation. 
At 24 h post IFN-ytreatment, a 6-fold increase was meas- 
ured, which declined to an estimated 4-fold increase at 
48 h (Fig. 2C). IGR-53.8 (p/6.1/53.8 kDa) was the most 
significantly up-regulated protein observed, peaking, with 
an estimated 22-fold increase, upon 24 h IFN-y treatment 
(Fig. 2D). IGR-53.8a (p/6/53.8 kDa) showed a similar ex- 
pression pattern in the time-course study and had the 
same molecular mass as IGR-53.8. However, IGR-53.8a 
had a slightly more acidic p/, indicating that this protein 
might be a post-translational modification of IGR-53.8 
(Fig. 2E). In proximity to these proteins, IGR-49.2 (p/6.2/ 
49.2 kDa) was strongly up-regulated and reached its peak 
at 24 h after addition of IFN-y (Fig. 2F). Similar to IGR- 
53.8 and IGR-53.8a the induction of IGR-49.2 was re- 
duced, but still significant at 48 h. 

In the acidic end of the gels two proteins, in close proximi- 
ty to each other, IGR-22.3 (p/4.8/22.3 kDa) and IGR-20.2 
(p/ 4.7/20.2 kDa) were reciprocally regulated by IFN-y 
(Fig. l a  and b). For IGR-22.3, a 2-fold suppression was 
estimated but not until 12 h of IFN-y treatment. The effect 
of treatment was at its maximum at 48 h, showing a 6-fold 
suppression (Fig. 2G). IGR-20.2 was weakly induced at 
6 h and the increase in expression due to IFN-ycontinued 
through the entire 48 h period, showing the opposite pro- 
tein expression pattern as IGR-22.3 (Fig. 2H). In contrast 
to IGR-22.3, we were not able to detect any expression of 
IGR-20.2 in untreated cells, indicating that this protein is 
not constitutively expressed in HeLa cells, but specifically 
induced upon IFN-y treatment. 

3.3 Identification of IFN-yregulated protelns 

The identification of HeLa cell proteins regulated by IFN-y 
was primarily performed by peptide mass mapping by 
MALDI mass spectrometry [20]. The identification of IGR- 
53.8 is given as an example in Fig. 3. The peptide mass 
fingerprints, shown in Fig. 3A, were obtained by analyzing 
IGR-53.8 excised from a gel loaded with 4 mg HeLa pro- 
tein from IFN-ytreated cells. Using Peptide Search 18 
measured peptide masses matched the human trypto- 
phanyl-tRNA synthetase (hWRS) and covered 50% of the 
sequence, 13 peptide masses matched the bovine WRS, 
and 9-10 peptide masses matched the rabbit and mouse 
WRS (Fig. 38 and C). The remaining matches, which 
were ranked significantly lower, were to unrelated pro- 
teins; these had molecular masses and isoelectric points 
that were not comparable with the one estimated for IGR- 
53.8. A total of 11 proteins were analyzed by this method 
and seven were positively matched to an entry in the pro- 
tein sequence database. The remaining nonidentified pro- 

teins are probably proteins that are not contained in the 
protein sequence database. Typically, 2-5% of a mixture 
of peptides generated by in-gel proteolytic digestion was 
used for MALDI analysis, except when the extracted dried 
peptide mixture had to be desalted and concentrated on a 
microcolumn for ultimate sensitivity. Traces of contami- 
nating human keratin could only be detected when ana- 
lyzing very low-abundant proteins. The corresponding 
peptides were matched to the keratin amino acid se- 
quence; they were used to calibrate each spectrum t:, ob- 
tain a high mass accuracy, which is crucial for making un- 
ambiguous identifications [21]. 

3.4 Identification of IGR-37.0 as lipocortin I 

Lipocortin I is an inhibitor of inflammation and mediates 
effects of glucocorticoids, a group of hormones, that are 
involved in inhibition of T-lymphocyte proliferation and in 
their production of various cytokines, including IFN-y [22, 
231. Although a constitutive expression of lipocortin I has 
been observed in other cancer cell lines [13], it is, to our 
knowledge, a novel finding that lipocortin I can be up- 
regulated by IFN-y. The IFN-?induced up-regulation of 
lipocortin I in a cancer cell line is intriguing, as it has re- 
cently been shown that lipocortin I alone is an efficient in- 
hibitor of an antigen-specific CD4+ T-cell line and thereby 
also an inhibitor of IFN-1 secretion [24]. Recent investiga- 
tions provide evidence that treatment with IFN-y includes 
up-regulation of proteins that are involved in apoptosis of 
certain cell types including HeLa cells [25, 261. In agree- 
ment with this, we observed significant changes in mor- 
phology in addition to decreased proliferation microscopi- 
cally when cells were treated 24 h or more with 100 U 
IFN-y (data not shown). Our results suggest that the in- 
duction of lipocortin I is predominant early after IFN-y 
treatment. (Fig. 2A). The up-regulation of lipocortin I in re- 
sponse to IFN-y in vivo might serve as a safeguard mech- 
anism that prevents T-cells from producing levels of IFN-y 
that are apoptotic for its target cells. The IFN-ydependent 
up-regulation of lipocortin I in certain cell types could 
therefore be part of a negative feedback loop, which regu- 
lates the production of IFN-y. 

(annexin I )  

3.5 Identification of IGR-50.2 as cytoskeletal 

IGR-50.2 was found to be identical to the intermediate fil- 
ament protein cytoskeletal keratin 17 (K17), so far the on- 
ly IFN-y-inducible cytokeratin (271. K17 is up-regulated in 
stressed epithelial tissues such as inflammatory reactions 
in the skin of psoriasis patients, where the IFN-y levels 
are high and in the development of abnormal scarring in 
contractile epithelial tissues [28]. We observed a protein 

keratin 17 
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Figure 3: (A) Monoisotopic 
peptide mass fingerprint spec- 
trum of IGR-53.8. (B) Alignment 
of experimentally obtained pep- 
tide sequences with hWRS. The 
underlined sequences corre- 
spond to the masses from the 
peptide mass fingerprint in (A). 
Bold letters indicate sequences, 
which matched experimental 
masses more than one time. 
(C) Result from Peptide Search, 
showing the identification of 
IGR-53.8 as human tryptophan- 
yl-tRNA synthetase. 

to the acidic side of K17 with identical molecular mass. Al- 
though this is a low-abundant protein, it was still detecta- 
ble on gels with untreated cells and the expression pat- 
terns were similar to K17 upon IFN-y treatment (Fig. l G ,  
open arrow). Phosphorylation events have been shown to 

regulate the assembly and disassembly of intermediate 
filament monomers [29], but whether the spot represents 
a phosphorylated variant of K17, another post-translation- 
al modification, or a different protein remains to be eluci- 
dated. 
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3.6 Identification of IGR-27.6 as interferon up- 

IGR-27.6 was identified as IGUPI-5111 [9] or y7a [a], a 
IFN-y-inducible protein, which was previously found up- 
regulated in keratinocytes and AMA cells by 2-D PAGE 
with carrier ampholytes. The protein shows homology to 
cytoskeletal proteins. Recently, however, Realini ef a/. 
[30] suggested that IGUPI-5111 is an IFN-yinducible acti- 
vator of the 26s proteasome. The expression reached a 
maximum with a 6-fold up-regulation at 24 h IFN-y-treat- 
ment. This was in agreement with previous studies, done 
by using 2-D PAGE with carrier ampholytes, where a 6- 
fold increase of IGUPI-5111 in HeLa cells due to IFN-y 
was estimated [30]. However, the concentration used in 
these experiments was 200 U/mL IFN-y, and the changes 
were investigated 72 h after treatment [30]. A 2.7-fold in- 
crease of IGUPI-5111 was observed in keratinocytes 19 h 
after addition of 100 UlmL IFN-y [9], indicating that the de- 
gree of regulation of this protein varies depending on the 
cell line used. 

regulated protein 51 11 (IGUPI-5111) 

3.7 Identification of IGR-53.8, IGR-53.8a and 

IGR-53.8 (Fig. 3) and IGR-53.8a were matched to hWRS. 
This protein was designated $2 in studies done by Celis ef 
a/. [8] and Flecner eta/. [31]. hWRS is found heavily up- 
regulated in a wide range of human cell lines due to IFN-y 
treatment [8, 321. We estimated a maximum 22-fold up- 
regulation of synthesis of hWRS protein compared to the 
42-fold increase in mRNA levels observed by Flecner ef 
a/. [32] (Fig. 2D). A plateau of expression levels of hWRS 
was reported for HeLa cells treated longer than 24 h with 
IFN-y [32]. Differences in quantification between protein 
and mRNA levels probably reflect the delay of translation 
compared to transcription or changes in mRNA stability. 

IGR-49.2 as tryptophanyl-tRNA synthetase 

The existence of alternative forms of hWRS has been re- 
ported previously [33] and led us to perform immunoblot- 
ting with a polyclonal antibody directed against hWRS 
(anti-hWRS). In support of the results obtained by 
MALDI-MS, immunoblotting with anti-hWRS was able to 
recognize IGR-53.8 and IGR-53.8a as indicated in Fig. 4. 
In addition, anti-hWRS reacted weakly with two additional 
protein spots to the acidic side (Fig. 4, arrow 1 and 2) of 
IGR-53.8 and one to the basic side (Fig. 4, arrow 3) of 
IGR-53.8, suggesting extensive post-translational modifi- 
cation of hWRS. Another basic variant of hWRS colocat- 
ed with IGR-49.2. This variant had a molecular mass in 
accordance with the theoretical value obtained from an al- 
ternatively spliced hWRS mRNA product, described by 
Tolstrup ef a/. [33], and which was designated as $3 by 
Celis ef a/. [a]. All variants of hWRS were found on immu- 

noblots from untreated cells, suggesting that the modifica- 
tions are not depending on IFN-y treatment. Although 
equivalent amounts of protein were loaded on the gels, 
the protein spots reacted more intensively with anti- 
hWRS on immunoblots with IFN-y-treated cells compared 
to IFN-y-untreated controls, suggesting that the expres- 
sion of all hWRS variants is regulated by IFN-y (Fig. 4A 
compared to 4C). 

It has been proposed that WRS may have other functions 
in the mammalian cell, besides assuring tryptophanylated 
tRNA for protein synthesis [34]. For example, the bovine 
WRS was recently associated with kinase activity and is 
itself being autophosphorylated [35]. hWRS is also in- 
volved in the synthesis of the diadenosine oligophos- 
phates (Ap3A)upon treatment with IFN-y, which, together 
with the IFN-y-inducible 2-5A synthetase and the tumor 
suppressor Fhit, has been proposed to be part of a growth 
regulatory pathway [36]. 

3.8 Identification of IGR-20.1 and IGR-22.3 as 
proteasome subunits LMP2 and Y. 

The proteasome is a large multi-catalytic protease com- 
plex involved in the degradation of ubiquitin-conjugated 
peptides destined for MHC (major histocompatibility com- 
plex) class I antigen presentation on the surface of eu- 
karyotic cells [37]. IFN-y modifies the peptidase activity of 
the proteasome by regulating pairs of proteasome subu- 
nits reciprocally [38, 391. In agreement with our findings, 
LMP2 (PSMBS), which is a P-subunit of the proteasome, 
is up-regulated upon stimulation with IFN-y, whereas the 
constitutively expressed P-subunit Y (PSMB6) is down- 
regulated [40]. LMP2 and Y have very high sequence 
homology, suggesting that these substitute for each other 
in the proteasome [40]. The expression patterns in our 
study suggest that, initially, LMP2 is up-regulated at a 
higher rate than the rate at which subunit Y is suppressed 
(Fig. 2 E, F). A slower decrease in expression of subunit 
Y would allow the buildup of LMP2 before the substitution 
with subunit Y is initiated in the proteasome. In addition to 
the LMPUsubunit Y pair, IFN-y modulates the exchange 
of the P-subunits LMP7 (PSMB8) and MECLl (PSMBlO) 
with the P-subunits X (PSMB5) and 2 (PSMB7), respec- 
tively [41]. The substitution of P-subunits has been sug- 
gested to alter the proteolytic specificity of the protea- 
some, thereby changing the composition of peptides 
destined for MHC presentation [42]. 

A common feature for most of the proteins investigated in 
this study is an apparent decrease in induction upon 48 h 
IFN-y treatment. It was recently shown that IFN-yactivat- 
ed STAT1 is degraded by the ubiquitin-proteasome path- 
way in HeLa cells [43], which could be part of the explana- 
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Figure 4: lmmunostaining with 
a polyclonal antibody directed 
against tryptophanyl-tRNA syn- 
thetase (anti-hWRS) (A) un- 
treated, (C) treated with 100 UI 
mL IFN-y for 24 h. (B) and (D) 
show [35S]methioninelcysteine- 
labeled proteins corresponding 
to proteins from (A) and (C), re- 
spectively. A protein colocat- 
ing with IGR-49.2 is immuno- 
stained. IGR-53.8a and 1, 2, 3 
(open arrows) are variants prob- 
ably arising from post-transla- 
tional modifications of hWRS. 

Table 1: Fold increaseldecrease 

spot pIlM, Identification Maximum fold Time of 
method increase1 maximum Identity 

suppression regulation 
(h) 

SWISS 
PROT accession 
No. 

IGR-37.1 6.4137.0 MS - + 6  6 h  Lipocortin I PO4083 
IGR-50.2 5150.2 MS -+3 12h Cytokeratin 17 (K17) Q04495 
IGR-27.6 5.8127.6 MS - + 6  24 h IGUPI-5111 Q06323 
IGR-53.8 6.1153.8 MS, IMB - + 22 24 h Tryptophanyl-tRNA syntethase P23381 
IGR-53.8a 6153.8 MS, IMB (+) 24 h Tryptophanyl-tRNA syntethase P23381 
IGR-49.2 6.2149.2 IMB (+) 24 h Tryptophanyl-tRNA syntethase P23381 
IGR-22.3 4.8122.3 MS - -6 4a h Proteasome subunit Y P28072 
IGR-20.2 4.7120.2 MS (+) 48 h Proteasome subunit LMP2 P28065 

+, up-regulated; -, down-regulated; (+), up-regulated, (fold increase not determined). MS, MALDI-MS, IMB, immunoblot- 
ting 

tion. Interestingly in this respect, the regulation of the pro- 
teasome subunits LMP2 did not seem to decline at 48 h, 
which might indicate that the signal transduction pathway 
responsible for activation of this gene is less dependent 
on activated STAT1 . 

4 Concluding remarks 

We have used pulse labeling with [35S]methioninelcys- 
teine and 2-D PAGE (IPG) to locate and map IFN-yregu- 
lated HeLa cell proteins to the 2-D PAGE (IPG) system. 
The high loading capacity of IPG drystrips made it possi- 
ble to make unambiguous identifications of IFN-yregulat- 
ed HeLa cell proteins by sensitive MALDI-MS techniques. 
So far, we have mapped and identified lipcortin I, cytoker- 
atin 17, IGUPI-5111, proteasome subunits LMP2N and 

several variants of the hWRS protein and investigated 
their expression patterns, as summarized in Table 1. We 
are planning to include data concerning the IFN-y induci- 
bility of identified proteins from this study, in addition to 
those currently under investigation, in a 2-0 PAGE data- 
base containing HeLa cell proteins [44]. 
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A two-dimensional protein map of Chinese hamster 
ovary cells 

Chinese hamster ovary (CHO) cells are used extensively for the expression of biophar- 
maceutical protein products. As part of our effort to better understand CHO cell physi- 
ology and protein expression changes caused by modified culture conditions, we have 
begun to map CHO cell polypeptides. A parental cell line reference map was establish- 
ed using two-dimensional gel electrophoresis with immobilized pH gradients (pH 3-1 0) 
in the first dimension and a linear acrylamide gradient (9-18%T) in the second dimen- 
sion. The map is composed of over 1000 silver-stained protein spots. Protein identifica- 
tion is proceeding using a combination of immunostaining, NH2-terminal sequencing, 
and mass spectrometric analyses. Among the proteins so far identified are glucose- 
regulated protein 78 (GRP78), protein disulfide isomerase (PDI), galectin-1 , and sever- 
al heat-shock proteins. The goal is to generate a database which emphasizes those 
proteins most relevant to the use of CHO cells as a host for recombinant protein ex- 
pression. 

Keywords: Chinese hamster ovary cells / Two-dimensional gel electrophoresis / Protein identifi- 
cation / Nterminal sequencing / Proteome EL 3343 

1 Introduction 

Chinese hamster ovary (CHO) cells are the host of choice 
for producing complex recombinant proteins. They are 
able to synthesize and secrete recombinant glycoproteins 
with carbohydrate structures similar to those found in nor- 
mal human glycoproteins [l]. This is an important consid- 
eration in biopharmaceutical glycoprotein production 
since the carbohydrate moiety plays a critical role in bio- 
logical activity and rate of plasma clearance [2, 31. In addi- 
tion to being able to modify recombinant glycoproteins 
correctly, CHO cells can produce them at relatively high 
levels in large-scale batch cultures. Cultivation of CHO 
cells in large-scale serum-free cultures has been made 
possible through development of media, as well as adap- 
tive growth and genetic engineering of the cells. Exclusion 
of serum from production medium is preferred because of 
its expense, variability, and potential interference with re- 
combinant protein recovery. Serum-free media for cultur- 
ing CHO cells are normally composed of a basal medium 
supplemented with growth factors such as insulin. The re- 
quirement for exogenous insulin has been eliminated for 

Correspondence: Dr. Kathleen M. Champion, Department of 
Analytical Chemistry, Genentech, 1 DNA Way, MS #62, South 
San Francisco, CA, 94080, USA 
E-mail: kmc@gene.com 
Fax: +650-225-3554 

Abbreviations: CHO, Chinese hamster ovary; CID, collision-in- 
duced dissociation; GRP, glucose-regulated protein; MIF, macro- 
phage migration inhibitory factor; PDI, protein disulfide isomer- 
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certain cell lines genetically engineered to produce insu- 
lin-like growth factor I (IGF-1)l [4, 51. Added growth factor 
requirements have also been bypassed in CHO cells 
expressing cloned transcription factor E2F-1 [6]. The ef- 
fect of constitutive E2F-1 expression on intracellular pro- 
tein levels was monitored using two-dimensional gel elec- 
trophoresis (2-DE), which showed that cyclin A was 
among the proteins up-regulated. These studies utilized a 
2-DE reference map of CHO cellular proteins from cul- 
tures containing 10% fetal calf serum; the map contains 
some eight identified proteins [7]. Growth of CHO cells in 
culture has also been manipulated through reduction of 
temperature, which prolongs cell viability by delaying the 
onset of apoptosis [El. It was shown that cells accumulate 
in the G1 phase of the cell cycle with an accompanying 
alteration in nucleotide pools. 

Because it allows for the routine separation of 1000-2000 
protein spots simultaneously, 2-DE is an appropriate 
technique for the analysis of multigene pathways control- 
ling such complex cellular functions as cell cycle progres- 
sion and protein export. Here we present a 2-DE map of a 
parental CHO cell line as a model for recombinant pro- 
duction cell lines. Several proteins that play a role in poly- 
peptide folding, processing, and secretion have been 
identified. 

2 Materials and methods 

2.1 Materials 
Acrylamide was purchased as a 40% w/v solution 
with N,N'-methylenebisacrylamide (3751) from Amresco 
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(Solon, OH). Carrier ampholytes (Pharmalyte pH 3-10) 
were from Arnersham Pharmacia Biotech (Piscataway, 
NJ) and pH 8-10 carrier ampholytes (Biolyte 6-10) were 
from Bio-Rad (Hercules, CA). N,N,N', W-tetramethyleth- 
ylenediamine (TEMED) and ammonium persulfate were 
obtained from Sigma (St. Louis, MO). Urea and agarose 
were from Bio-Rad. The following primary antibodies 
were used: anti-actin (Sigma), anti-Hsp47 monoclonal 
clone M16.10Al (Stressgen, Victoria, BC, Canada), anti- 
Hsc70 polyclonal from rabbit (Stressgen), anti-calnexin 
polyclonal from rabbit (Stressgen), and anti-Grp94 poly- 
clonal from rabbit (Stressgen). Secondary antibodies 
used in Western blotting were anti-rabbit IgG (whole mol- 
ecule) peroxidase-conjugated from goat (Sigma) and anti- 
mouse IgG (whole molecule) peroxidase-conjugated from 
goat (Sigma). 

2.2 Cell culture and sample preparation 

CHO cells were derived from a homozygous dihydrofolate 
reductase minus (dhfr-) DUKX CHO host [9]. Cells were 
cultured in 2 L bioreactors (Aplicon. Foster City, CA) in a 
serum-free DMEMIF-12 based medium supplemented 
with protein hydrolysate and a proprietary nutrient mix- 
ture. The cultures were inoculated at 1.0 x l o6  cells/mL 
and maintained at 37OC throughout the incubation. Glu- 
cose levels in the medium were maintained at greater 
than 3 g/L by a single glucose addition (5 g of glucose per 
liter of medium) on day 3. Dissolved oxygen was control- 
led on-line (60% of saturation) by sparging with oxygen 
and/or air. The pH was maintained at 7.2 by addition of 
Na2C03 or Con. Cell viability was evaluated by meas- 
uring total and supernatant lactate dehydrogenase [ 101 
and by trypan blue exclusion. Samples were collected 
during exponential growth when viability was at least 
95 %. Cells were harvested by centrifugation (1000 x g) 
for 10 min and washed with phosphate-buffered saline. 
Five x lo7 cells were solubilized directly in 1.25 mL of a 
solution composed of 9.0 M urea, 4% NP-40, 1% DTT, 4% 
Biolyte 8-10, pH 9.5. After homogenization with a Dounce 
device (2C-30 strokes), the samples were centrifuged 
(10 000 x g) for 10 min. The supernatants were stored at 
-8O'C until analysis. Protein was determined by a modi- 
fied assay [ l  11 using bovine serum albumin as standard. 

2.3 lsoelectric focusing 

For analytical gels, the equivalent of 1.5 X lo5 cells 
(- 120 pg protein) was combined with rehydration solution 
(8 M urea, 2% v/v CHAPS, 15 mM DTT, 0.8% Pharmalyte 
(pH 3-10) ampholytes, and 0.020 mg/mL Orange G dye) 
in a total volume of 380 pL. Eighteen cm pH 3-10 L immo- 
bilized pH gradient (IPG) gel strips (Amersham Pharma- 

cia Biotech) were rehydrated overnight by placing the 
strips gel-side-down in sample-containing rehydration sol- 
ution in an lmmobiline DryStrip Reswelling Tray (Amer- 
sham Pharmacia Biotech) and covering with mineral oil. 
IEF was conducted using a Multiphor II unit with a Dry- 
Strip Kit (Amersham Pharmacia Biotech) at 2OoC. For 
both analytical and preparative gels, the voltage was in- 
creased stepwise from 150 V (2 h) to 300 V (3 h), then to 
1500 V (1 h), and finally to 3500 V. where it was main- 
tained by the EPS 3500 XL power supply (Arnersham 
Pharmacia Biotech) until 65 000 Vh was achieved. 

2.4 Equilibration 

Prior to second-dimensional SDS-PAGE, the IPG gel 
strips were washed for 10 min in equilibration solution 
(50 mM Tris-HCI, pH 8.5, 6 M urea, 2% w/v SDS, 30% w/v 
glycerol) containing 1% w/v DlT. This was followed by a 
10 min wash in equilibration solution containing 5% w/v 
iodoacetamide. IPG gel strips were sealed into place on 
second-dimensional slab gels by applying 2 mL of molten 
(7OoC) 0.5% w/v agarose in tank buffer containing 0.5% 
w/v SDS. 

2.5 SDS-PAGE 

Second-dimensional SDS-PAGE was carried out using 
the DALT system (Amersham Pharmacia Biotech) essen- 
tially as described by Anderson and Anderson [12]. Slab 
gels (200 X 250 X 1.5 mm) were poured using the Ange- 
lique computer-controlled gradient maker (Large Scale Bi- 
ology, Rockville, MD) according to the manufacturer's in- 
structions. Gels were cast so that the upper 5% was 9%T 
acrylamide and the remainder of the gel varied linearly 
from 9-18%T, 2.6YOC, using bisacrylamide as the cross- 
linker. The tank buffer was composed of 200 mM glycine, 
24 mM Tris, 0.1% w/v SDS, pH 8.6. For molecular weight 
calibration, 10 kDa protein ladder (Gibco BRL, Gaithers- 
burg, MD) was combined with molten agarose and ap- 
plied to the top of the slab gel adjacent to the IPG gel 
strip. Gels were run at 5OC overnight with voltage and cur- 
rent limits of 150 V and 600 mA, respectively. Upon com- 
pletion of SDS-PAGE, the gels were fixed and silver- 
stained by a modification of the method described [13]. 
For preparative gels, approximately 350 pg of protein 
were loaded. Gels were stained with 0.2% Coomassie 
Brilliant Blue R-250 (Bio-Rad) in 2.5% v/v phosphoric 
acid, 50% ethanol. Destaining took place in several 
washes of 20% ethanol. 

2.6 Protein sequencing 

Preparatively loaded gels were blotted to polyvinylidene 
difluoride (PVDF) membranes (ProBlott: Applied Biosys- 



41 6 

terns, Foster City, CA) using a Semi-Phor Model TE77 
semidry blotter by a modification of the method described 
[14]. Following blotting, proteins were detected by stain- 
ing with 0.1% Coomassie Blue R-250 in 40% methanol, 
1.0% acetic acid for 2 min and destaining in several 
washes of 50% methanol. The PVDF membranes were 
rinsed extensively with deionized water and permitted to 
air-dry. Protein spots of interest were excised from mem- 
branes and sequenced on models 494 CL and 494HT PE 
Applied Biosystems sequencers using 6 mm micro car- 
tridges and equipped with an on-line capillary phenylthio- 
hydantoin analyzer (model 140D). Peaks were integrated 
with Justice Innovation software using Nelson Analytical 
760 interfaces. Sequence interpretation was performed 
on a DEC Alpha [15]. 

K. M. Champion eta/. 

2.7 Cyanogen bromide cleavage 

Proteins that were determined to be blocked were sub- 
jected to cleavage using cyanogen bromide. PVDF mem- 
branes were removed from the sequencer and wetted 
with 1 pL of methanol followed by 20 pL of 0.1 N HCI and 
a few crystals of CNBr. The reaction was carried out for 
3 hat 45OC [16]. 

2.8 In situ digestion of proteins 

Protein spots were excised from preparatively loaded gels 
and placed in siliconized sample tubes. In situ digests 
were performed using an ABiMED DigestPro robotics 
workstation employing a program optimized for sample 
recovery. Gel fragments were washed with 50% acetoni- 
trile in 100 mM NH4HC03 for 15 min and rinsed twice with 
acetonitrile (60 pL and 100 pL) for 10 min. Reduction of 
disulfide bonds was carried out in 30 pL of 50 mM D T ,  
100 mM NH4HC03 for 50 min at 50°C. Free sulfhydryls 
were then alkylated by incubation in 30 pL of 50 mM 
iodoacetamide, 100 mM NH4HC03 for 15 min. After wash- 
ing for 15 min with 30 pL of bicarbonate buffer, the gel 
fragments were dehydrated by two 20 min incubations 
with 100 pL acetonitrile. The gel fragments were then 
rehydrated with digestion buffer composed of 0.04 mg/mL 
of modified trypsin (Promega, Madison, WI) in 0.005 % 
zwittergent 2-16, 50 mM NH4HC03. After 15 min the 
excess trypsin solution was removed and the volume 
replaced with 20 pL of 50 mM NH4HC03. Trypsin diges- 
tion was allowed to proceed for 3 h at 37% Subsequent 
to digestion, the buffer was removed and gel fragments 
were extracted by addition of 15 pL of 0.1% TFA (30 min) 
and 10 pL of acetonitrile. This was followed by an addi- 
tional extraction with 15 pL of acetonitrile for 25 rnin. The 
resulting digest mixtures were concentrated and desalted 
with a 1 x 10 mm reverse-phase trapping cartridge 
(Michrom BioResources, Auburn, CA). The digest ex- 

tracts were diluted to 500 pL with 0.1% TFA and passed 
over the trapping cartridge. After washing with 50 pL of 
0.1% TFA, peptides were eluted into a 0.5 mL microcen- 
trifuge tube with 75% acetonitrile, 0.1% TFA in a volume 
of approximately 5 pL. 

2.9 MALDI-TOF mass spectrometry 

Samples were loaded as described previously [17, 181 in 
0.5 pL aliquots directly to a MALDI target using a fast 
evaporation matrix, a-cyano-4-hydroxy-trans-cinnamic 
acidhitrocellulose wetted with 0.5 pL of 0.1% TFA. Mass 
spectra were obtained using a Voyager DE-STR mass 
spectrometer (PerSeptive Biosystems, Framingham, MA) 
in reflectron mode, and with delayed extraction. External 
calibration was performed using Des-Argl-bradykinin and 
ACTH (clip 18-31) standards adjacent to the samples. 

2.10 Capillary LC-MS 

Peptide mixtures were delivered to the microelectrospray 
ionization source of an ion trap mass spectrometer (LCQ; 
Finnigan MAT, San Jose, CA) by capillary HPLC. 
Reverse-phase microcapillary columns (15 cm x 100 mm 
ID) were constructed as described [17]. Solvents (solvent 
A: 2% acetonitrile, 0.1 M acetic acid; solvent B: 90% ace- 
tonitrile, 0.1 M acetic acid) were delivered by a model 
1408 dual syringe pump (Applied Biosystems). Flow rates 
of 100-400 pUmin from the pump were attenuated by a 
preinjector Tee union with a split ratio of approximately 
130. Samples were loaded via 20 pL injection loop and 
washed onto the column at 3 pUmin with initial conditions 
of 2% solvent B. After loading, the sample loop was 
switched out of line with the column, and the flow rate 
was reduced to 0.75 pL per min (solvent was diverted to 
waste during this reequilibration). Peptides were eluted 
with a binary gradient of 240% solvent B in 10 min; 30- 
90% B in 5 rnin. The entire effluent from the column was 
sprayed from a liquid-junction microelectrospray ioniza- 
tion source described elsewhere [19]. Tandem mass 
spectrometry (MS/MS) was performed with automated 
data acquisition using the “triple play” experiment on the 
ion trap, in which ions detected in full mass range spectra 
were scanned with high resolution in a “zoom scan” and 
then subjected to collision-induced dissociation (CID). 
Automatic gain control was used in all experiments, with a 
maximum ionization time of 500 ms. CID was carried out 
using a 3 Da window, and a collision energy of 25% of 
maximum. 

2.1 1 Protein Identification using database 
searching algorithms 

Gel-isolated proteins were identified by searching a pro- 
tein sequence database using tryptic peptide molecular 
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ford, MA) as described above (Section 2.6). The mem- 
branes were blocked with 3 O h  w/v BSA in Tris-buffered 
saline (10 mM Tris-HCI, pH 7.5, in 150 mM NaCI) and incu- 
bated with primary antibody at room temperature. Peroxi- 
dase-conjugated secondary antibody was used at 1 :1000, 
and protein-antibody complexes were visualized using 
4-chloro-1 -naphthol in the color-forming reaction. 

masses either alone or in conjunction with CID spectra. 
The database searched was a compilation of several 
databases including SWISS-PROT, the Protein Identifica- 
tion Resource, and a translation of GenBank. The FRAG- 
FIT program, developed at Genentech, was used to 
search the database with peptide masses determined by 
MALDI-TOF [20, 211. CID spectra from LC-MS/MS ex- 
periments were matched against the database using the 
SEQUEST program developed by Eng and Yates [22]. 

2.12 lmmunoblotting 

Proteins were electrophoretically tranferred from 2-DE 
gels to PVDF membranes (Immobilon-P; Millipore, Bed- 

3 Results and discussion 

Figure 1 shows the silver-stained 2-DE reference map of 
CHO cellular proteins in the pH range of 3-10, The cells 
were cultured under serum-free conditions similar to 
those used for recombinant protein production. The pro- 

Figure 1. Silver-stained 2-DE pattern of Chinese hamster ovary cellular proteins. Approximate molecular weights are 
shown on the left. Approximate p k  are shown along the bottom. Proteins identified by primary structure analysis or immu- 
noblotting are indicated. 'Macrophage migration inhibitory factor (MIF) and P,-microglobulin were found to comigrate on 
gels, as demonstrated by NH,-terminal sequencing reactions in which the sequence mixture was deciphered. 
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Table 1. CHO cellular proteins (labeled in Fig. 1) identified as indicateda) 

Gene name Description Accession No. M, p l  Method(s) of identification 

ACT 
ALR 
ALDA 
B2M 
CANX 
CALR 
CFL 
EN01 
Erp6O 
LGALS 
GRP78 
GRP94 
GRP170 
GST 
GAPD 
HSP47 
HSP6O 
HSC70 
MIF 
NDK 
PDI 
PPlA 
SOD2 
TPI 
TUB 

0-Actin 
Alcohol dehydrogenase 
Fructose biosphosphate aldolase a 
Pz-Microglobulin 
Calnexin, calcium-binding protein p93 
Calreticulin 
Cofilin, actin-depolymerizing factor 
a-Enolase 
Protein disulfide isomerase ER60 
Galectin-1 , Chinese hamster 
GRP78, 78 kDa glucose-regulated protein 
Glucose-regulated protein 94, HSP100 
Glucose-regulated protein 170 
Glutathione Stransferase p 
Glyceraldehyde-3-phosphate dehydrogenase 
GP46, colligin, serpin supelfamily 
Mitochondria1 matrix protein p l  
Heat shock cognate 71 kDa protein 
Macrophage migration inhibitory factor 
Nucleoside diphosphate kinase a 
Protein disulfide isomerase 
Peptidyl-prolyl cis-trans isomerase a 
Superoxide dismutase (SOD) 
Triose phosphate isomerase 
Tubulin P-chain 

MMACTBR2-1 
ALDX-RAT 
ALFA-HUMAN 
B2MG-RAT 
CALX-MOUSE 
CRTC-RAT 
COF1-HUMAN 
ENOA-RAT 
ERGO-HUMAN 
LEG1-CRIGR 
P-R53075 
YO9136 
568689 
GTP-CRILO 
G3P-MOUSE 
HS47-MOUSE 
P6O-CRIGR 
HS7C-CRIGR 
MIF-HUMAN 
NDKA-MOUSE 
PDI-HUMAN 
CYPH-HUMAN 
SODM-HUMAN 
TRIS-HUMAN 
S 1 8456 

39 185 
36 370 
39 289 
11 636 
67 254 
47 995 
18 532 
46 980 
56 800 
14 802 
72 380 
92 514 

111 271 
23 507 
35 679 
46 589 
60 990 
70 804 
12 345 
17210 
55 294 
17 881 
22 204 
26 538 
49 741 

6.1 IB, MALDI 
7.3 MSIMS 
8.5 NS 
7.6 NS 
4.5 I6 
4.3 NS, MALDI 
8.9 NSb’ 
6.5 MALDI 
6.3 MALDI and MSIMS 
5.7 MALDI 
5.1 MALDl 
4.8 IB 
5.1 MALDI 
8.1 NS 
8.6 NS 
9.3 IB, NS 
5.9 MALDI, NS 
6.1 IB, MALDI 
8.2 NS 
7.5 MALDI 
4.7 MALDI 
8.2 NS 
7.3 NS 
6.5 NS 
4.9 MALDI 

a) Theoretical M, and plvalues are listed. 
Protein analysis methods are IB, immunoblot; MALDI, peptide mass fingerprinting using MALDI-TOF analysis; MSIMS, 
tandem mass spectrometry; and NS, NHz-terminal sequencing. 

b) CNBr cleavage fragment was sequenced. 

teins identified in this map (Table 1) represent several cel- munoblotting results [7], and is probably an inappropriate 
Mar compartments, including the endoplasmic reticulum 
(ER), cytosol, and mitochondria. The resident ER poly- 
peptides which have been identified include the following: 
glucose-regulated protein 78 (GRP78), GRP94, GRP170, 
heat-shock protein 47 (HSP47), protein disulfide isomer- 
ase (PDI), ER60, calnexin, and calreticulin. All of these 
proteins have been implicated in the early folding of nas- 
cent secretory polypeptides [23, 241. One of the most 
dominant ER proteins in the pattern is GRP78, also 
known as immunoglobulin binding protein or BiP [25]. We 
identified this protein through peptide mass fingerprinting 
using a list of twenty peptide masses to search the protein 
sequence database. Seventeen of the experimentally ob- 
tained peptide masses matched theoretical masses for 
this highly conserved protein, and two of the remaining 
peptide masses could be accounted for as contaminating 

protein spot assignment. 

A number of cytosolic proteins have been identified, 
including two that play a role in proper protein folding: 
HSC70 and peptidyl prolyl cis-frans isomerase (PPlase). 
The identity of HSC70, established in our map through 
peptide mass fingerprinting, was confirmed by Western 
analysis using a primary antibody which specifically rec- 
ognizes the constitutive form of the protein (not shown). 
Our designation of HSC70 is in good agreement with the 
2-DE map published earlier (71. Through NHz-terminal se- 
quencing we have identified two isoforms of PPlase, an 
enzyme which catalyzes the cis-trans isomerization of 
proline imidic peptide bonds in oligopeptides and has 
been demonstrated to expedite refolding of several pro- 
teins in vitro [26, 271. PPlase is identical to cyclophilin, the 

keratin peaks. Therefore, the match for GRP78 was made major intracellular receptor for cyclosporin A, an immuno- 
with a high degree of confidence, supported by its 2-DE suppressive drug [28, 291. Other cytosolic proteins whose 
map position with expected p l  and M,. The corresponding identities are known include nucleoside diphosphate 
protein in a previously published 2-DE map of CHO cellu- kinase, alcohol dehydrogenase, glutathione-s-transfer- 
lar proteins was assigned as HSPSO on the basis of im- ase, and galectin-1. Galectin-1 has been analyzed on 
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that potentially affect growth of CHO cells and expression 
of recombinant proteins in CHO cells. 

Received October 23,1998 

2-DE gels previously [30] and shown to be expressed in 
CHO cells [31]. Although galectin-1, a P-galactoside-bind- 
ing lectin, was initially isolated from cytosolic fractions, its 
localization to the cell surface has also been demon- 
strated [32]. Four enzymes which catalyze key reactions 
in glycolysis have been identified: fructose bisphosphate 
aldolase, triose phosphate isomerase, glyceraldehyde-3- 
phosphate dehydrogenase, and a-enolase. 

We identified macrophage migration inhibitory factor 
(MIF) in our CHO cell 2-DE map through NH,-terminal 
amino acid sequencing and alignment with the human 
MIF sequence. MIF. the first known lymphokine, is ex- 
pressed in many cell types [33, 341 and is involved in nu- 
merous immunological and hormonal processes, includ- 
ing insulin resistance in adipose tissue (35, 361. During 
NH2-terminal sequencing of MIF, a sequence mixture with 
a minor component was observed. This indicated that an 
additional protein, lower in abundance than MIF, comi- 
grated on the gel. Upon further analysis through 21 cycles 
of Edman degradation sequencing and subsequent data- 
base matching, P2-microglobulin was identified as the 
polypeptide unresolved from MIF. Their comigration on 
gels is not unexpected, based upon the expected Adr 
(1 1 363) and p l  (7.6) of mature P,-microglobulin and the 
observed migration of the major isoform of MIF from sev- 
eral cell types [34]. The presence of multiple proteins 
comigrating as single spots on 2-DE gels has been clearly 
demonstrated on large format gels by Klose and Kobalz 
[37]. Our results demonstrate that it is possible to simulta- 
neously determine the NH2-terminal sequences of a mix- 
ture of two proteins from a single spot on a 2-DE gel by 
employing high sensitivity techniques. Sequence mixtures 
were also observed while determining the NH,-terminal 
sequences of triosephosphate isomerase and PPlase. 
The minor, contaminating species remain to be identified. 
Two mitochondria1 proteins identified through NH,-termi- 
nal sequencing are the molecular chaperone, Hsp60, and 
superoxide dismutase (SOD). So far we have found ap- 
proximately 40% NH2-terminal blockage in our sequenc- 
ing efforts. 

4 Concluding remarks 

We have established a CHO cellular protein map using 
several techniques to identify over twenty proteins. During 
Edman degradation sequencing we were able to concom- 
itantly determine the sequences of two polypeptides pres- 
ent in a single spot on a gel. The CHO reference map will 
be used as a tool in investigating physiological responses 
to modifications in culture condition, cell line improve- 
ment, and culture supernatant protein content. Our map- 
ping efforts will continue with an emphasis on proteins 
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Two-dimensional gel electrophoresis as analytical 
tool for identifying Candida albicans immunogenic 
proteins 

This paper reports the usefulness of two-dimensional gel electrophoresis followed by 
Western blotting with sera from patients with systemic candidiasis in the identification 
of the major Candida albicans antigens. In order to have different patterns of protein 
expression and subcellular localization, three types of protein preparations were ob- 
tained: cytoplasmic extracts, protoplast lysates and pfoteins secreted by protoplasts 
regenerating their cell wall. These proteins were separated by high-resolution two-di- 
mensional electrophoresis using an immobilized pH gradient. Western blotting with 
sera from patients with systemic candidiasis allowed the detection of more than 18 im- 
munoreactive proteins. Some of these proteins had different isoforms. All sera reacted 
with at least three C. albicans proteins and the most reactive serum detected up to 
eleven proteins. Some of these antigens, e.g., enolase and glyceraldehyde-3-phos- 
phate dehydrogenase (GAPDH), have been identified on the 2-D map. The most reac- 
tive proteins were enolase and a 34 kDa protein in the acidic part of the gel (pl4-4.4) 
that was only detected in regenerating protoplast-secreted proteins. The identification 
of all these antigens would be useful for the development of diagnostic strategies. 

Keywords: Candida albicans / Proteins / Two-dimensional polyacrylamide gel electrophoresis / 
Antigens / Immune response / Candidiasis / Immune sera EL 3360 

1 Introduction 

The dimorphic fungus Candida albicans is both a com- 
mensal and a human pathogen and is the most common 
cause of opportunistic fungal diseases. C. albicans infec- 
tions have increased dramatically during the last two dec- 
ades due to several predisposing factors such as immu- 
nosuppressive, cytotoxic and antibiotic treatments, long- 
term catheterization and longer suwival of immunological- 
ly compromised individuals. Candidiasis can take many 
forms, ranging from asymptomatic colonization, through 
superficial mucocutaneous infections, to disseminated 
systemic disease, often with multiple organ involvement 
[l-31. To understand the pathogenicity and clinical impact 
of C. albicans, it is important to have knowledge of the 
host-fungus interaction. Host defense mechanisms 
against C. albicans infections are highly complex and sev- 
eral studies have demonstrated the essential role of 
phagocytic cells, cell-mediated immunity, and even hu- 
moral immune responses in the resolution of C. albicans 
infections [4-6]. The importance of the cellular or humoral 
immune response seems to depend on the type of infec- 
tion. The high incidence of mucosal candidiasis in individ- 
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uals with deficiencies in cell-mediated immunity (CMI) 
emphasizes the important role of CMI in protection 
against C. albicans mucosal infections [7]. By contrast, 
antibodies probably play an important part in the defense 
of the host against disseminated candidiasis [8]. Despite 
this, the role of antibodies in resistance to candidiasis is 
still poorly understood and deeper insight into the humoral 
immune response to C. albicans would be useful not only 
for the development of diagnostic strategies but also for 
alternative forms of treatment of candidiasis [4]. Several 
immunogenic C. albicans proteins have already been 
identified: heat shock proteins (HspSO, Hsp70), enolase, 
glycolytic enzymes and aspartyl proteinases [Q-161. All 
these works are analyzed in an excellent review [17]. An- 
other important issue is the diagnosis of systemic candi- 
diasis. Immunological tests are lacking in sufficient specif- 
icity and/or sensitivity, and do not permit a distinction 
between colonization and disseminated infection [18-201. 
It would therefore be of great use to have simple and sen- 
sitive tests. In light of all the above, the detection and 
identification of C. albicans immunogenic proteins would 
be valuable. 

Two-dimensional polyacrylamide gel electrophoresis (2-D 
PAGE) appears to be a useful tool for the analysis of 
complex mixtures of proteins. This technique, originally 
described by O'Farrell [21] separates proteins on the 
basis of their differences in isoelectric point (pl) in the first 
dimension and apparent molecular mass in the second 
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dimension. Over the last few years, with the advent of 
commercially manufactured immobilized pH gradients 
(IPGs) [22] this methodology has been greatly improved. 
After separation, protein identification can be achieved in 
many ways, such as through specific antibodies, by com- 
parison of two-dimensional gel positions, Edman degra- 
dation, analysis of amino acid composition and, more re- 
cently, mass spectrometry. Owing to the need to identify 
C. albicans antigens, we have combined here 2-D PAGE 
with Western blotting with sera from patients with system- 
ic candidiasis. With this approach, many immunoreactive 
proteins were detected and some were identified. In the 
present report, we show the usefulness of this integrated 
strategy for the identification of C. albicans antigens. 

2 Materials and methods 

2.1 Organism, growth condltlons and sample 

C. albicans strain SC5314 (a clinical isolate) (231 was 
used because it is a reference strain used by many re- 
searchers and most virulence studies have been carried 
out with disruptant mutants in this genetic background 
[24]. This strain was maintained on solid YED medium 
(1% w/v D-glucose, 1% w/v Difco yeast extract and 2% 
wlv agar) and incubated at 3OoC for at least 2 days. Three 
different types of samples were obtained: cytoplasmic ex- 
tracts, protoplast lysates, and proteins secreted by proto- 
plasts. 

preparation 

2.1.1 Cytoplasmic extracts 

C. albicans cells were grown in liquid YED medium at 
3OoC up to an optical density of 4 at 600 nm. Yeast cells 
(lo9) were pelleted by centrifugation and washed once 
with ice-cold water. The cell pellet was resuspended in 
200 pL of lysis buffer (50 mM Tris-HCI, pH 7.5, 1 mM 
EDTA, 150 mM NaCI, 1 mM DTT, 0.5 mM PMSF and 5 pg/ 
mL of leupeptin, pepstatin and antipain). An equal volume 
of 0.5 mm diameter glass beads was added to the cell 
suspension. Cells were vortexed for 1 min and cooled on 
ice for 1 min. This procedure was repeated until at least 
80% of the cells had been lysed as determined by phase- 
contrast microscopic examination. After the beads had 
settled, the cell extracts were transferred to other tubes 
and centrifuged for 15 min at 13 000 rpm. Supernatants 
were again transferred to other tubes, centrifuged once 
again and stored at -20°C. 

2.1.2 Protoplast lysates 

Cells were grown in liquid YED medium at 28OC up to an 
optical density of 4 at 600 nm, harvested and washed 

once with water. Cells (1-2 x lo9 cells/mL) were then in- 
cubated in a pretreatment solution (10 mM Tris-HCI, pH 9, 
5 mM EDTA, 1% v/v 2-mercaptoethanol) at 28OC with 
shaking at 80 rpm for 30 min. After washing with 1 M sorbi- 
tol, they were resuspended in 1 M sorbitol up to a density 
of 5 x 10' cells/mL. Thirty pUmL Glusulase'" (Du Pont) 
was added. Cells were then incubated with gentle shaking 
until more than 90 were protoplasts [25], which were then 
pelleted by gentle centrifugation (600 x g), Protoplasts 
were washed three times with 1 M sorbitol by gently swirl- 
ing liquid across the surface of the pellet, to eliminate any 
trace of Glusulase. The cell pellet was resuspended in 
200 pL of lysis buffer, vortexed for 1 min and cooled on 
ice for 1 min. This suspension was centrifuged for 15 min 
at 13000 rpm. Supernatants were again transferred to 
other tubes and centrifuged. The supernatants were kept 
at -2OOC. 

2.1.3 Proteins secreted by protoplasts 

Proteins secreted by protoplasts were obtained as previ- 
ously described (261. Briefly, protoplasts obtained as 
above were induced to regenerate the cell walls in Lee 
medium [27] containing 1 M sorbitol as osmotic stabilizer 
at 28OC, with gentle shaking. After a 2 h incubation, cells 
were pelleted at 600 x g and the medium was filtered 
through a 0.22 pm pore size after the addition of protease 
inhibitors: 0.1 mM phenylmethylsulfonyl fluoride (PMSF; 
Fluka, Buchs, Switzerland), 2 & n L  leupetin and anti- 
pain, and 1 pg/mL pepstatin A (Sigma, St. Louis, MO, 
USA). The medium was concentrated by ultrafiltration us- 
ing a pore size of 10 000 Da (Diaflo; Amicon, Witten, Ger- 
many) diluted with water, concentrated a further three 
times and lyophilized. Cell lysis was controlled by quanti- 
tative determination of alkaline phosphatase (281. Protein 
quantitation was performed by the Bradford assay [29]. 

2.2 Two-dimensional gel electrophoresis 

Two-dimensional electrophoresis was performed using 
an IPG system, as described by Bjellqvist et a/. [30]. Im- 
mobiline Dry Strips (pH 3-10 NL, 18 cm long; Pharmacia, 
Uppsala, Sweden) were rehydrated overnight in 8 M urea, 
2% w/v CHAPS, 10 mM dithioerythritol (DTE), 0.8% v/v 
Resolytes (Pharmalyte pH 3-10; Pharmacia) and a trace 
of bromophenol blue. Samples (approximately 200 pg of 
protein) were resuspended in sample buffer (8 M urea, 4% 
w/v CHAPS, 40 mM Tris, 65 mM DTE, bromophenol blue) 
and loaded for the first dimension. lsoelectric focusing 
was carried out on a Multiphor II electrophoresis unit 
(Pharmacia) at 15OC with the following program: 0-500 V 
in 1 min, 500 V for 5 h. 500-3500 V in 5 h, and 3500 V for 
12.5 h (total 56250 Vh). After focusing, IPG strips were 
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3.1 Collection of different C. albicans protein 
preparations: cytoplasmic extracts, 
proteins secreted by protoplasts and 
protoplast lysates 

equilibrated for 12 min in 50 mM Tris-HCI, pH 6.8, 6 M 

urea, 30% v/v glycerol, 2% w/v SDS, 2% w/v DTE, and 
for 5 min in 50 mM Tris-HCI, pH 6.8, 6 M urea, 30% v/v 
glycerol, 2% w/v SDS, 2.5% w/v iodoacetamide, and a 
trace of bromophenol blue, and were loaded onto a slab 
gel with a 0.5% w/v agarose solution in Laemmli buffer 
[31]. The second-dimensional run (SDS-PAGE) was 
carried out on homogeneous running gels (1 O%T) without 
a stacking gel. Piperazine diacrylamide (1.6%C) was 
used as cross-linker. Electrophoresis was conducted 
at 40 mA/gel constant current for 5 h in a Protean II cell 
(Bio-Rad, Richmond, CA, USA). Analytical gels were sil- 
ver-stained according to Merril ef a/. [32] with the Bio-Rad 
Silver Stain Kit. Electropherogram images were obtained 
with the GS-690 Imaging Densitometer and processed 
with the Melanie I I  software (Bio-Rad). M, and p l  values 
were estimated using internal 2-D SDS-PAGE standards 
(Bio- Rad). 

2.3 Human sera samples 

Six sera from patients with culture-confirmed disseminat- 
ed C. albicans infection were used. Five of the patients 
had hematologic tumors: leukemias (sera number 2, 3 
and 5) or mielodysplastic syndromes (sera number 1 and 
6). One serum (number 4) was from a patient with a solid 
tumor. Four sera from healthy subjects were used as con- 
trols. 

2.4 lmmunoblot analysis 

After the samples had been subjected to analytical 2-D 
PAGE, the gels were electroblotted onto nitrocellulose 
membranes in Towbin buffer at 50 mA overnight [33]. 
Blots were processed following standard protocols [34]. 
Monoclonal antibody A2C7 (ATCC) against C. albicans 
enolase (Eno; dilution 1:6000) was used for immunode- 
tection. Polyclonal antibodies against C. albicans Hsp70 
(dilution 1:lO 000), C. albicans endoglucanase (Bg12; dilu- 
tion 1 :5000) and Saccharomyces cerevisiae glyceralde- 
hyde-3-phosphate dehydrogenase (GAPDH; dilution 
1:lO 000) were used for immunodetection. Human sera 
were diluted 1:50 or 1:lOO. lmmunoreactive spots were 
detected using horseradish peroxidase-labeled anti- 
mouse, anti-rabbit or anti-human lgGs (depending on the 
first antibody used) and an enhanced chemiluminescence 
detection system (ECL; Amersham, Uppsala, Sweden). 

3 Results and discussion 

This study is a preliminary step in the determination of the 
usefulness of 2-D PAGE for defining immunogenic pro- 
teins that induce antibody production in patients with sys- 
temic candidiasis. Below we report the results corre- 
sponding to the different phases involved. 

In order to identify several C. albicans antigens, we ob- 
tained different C. albicans protein preparations. First, we 
collected a typical crude extract containing mainly cyto- 
plasmic proteins (cytoplasmic extract). In this type of 
preparation, cell walls were removed by centrifugation, al- 
though some soluble cell wall proteins may also have 
been present. Since the yeast cell wall is the structure 
that mediates the initial interaction between the microor- 
ganism and the host, we employed a previously described 
approach used with Saccharomyces cerevisiae [26]. This 
is based on the analysis of proteins secreted by regener- 
ating protoplasts. Initially, regenerating protoplasts se- 
crete many of their cell wall components into the medium. 
In the case of C. albicans. cells were treated with Glusu- 
lase to obtain more than 90% protoplasts, and these were 
incubated under regenerating conditions for 2 h to allow 
the secretion of putative cell wall components. Because 
removal of the yeast cell wall is a stressful condition for 
the cells, crude extracts from cells without their cell wall 
were also obtained (protoplast lysates). This allowed us 
to compare soluble cytoplasmic proteins with proteins se- 
creted by protoplasts from yeast cells under the same 
stressful conditions. 

3.2 Two-dimensional protein maps of 
C. albicans 

C. albicans proteins from the three different preparations 
were separated by high-resolution two-dimensional elec- 
trophoresis using an immobilized pH gradient [30]. Six 
gels (three different experiments carried out in duplicate) 
of each type of sample were run. Figures 1,2 and 3 show 
the maps of these proteins, in the M, 10-200 kDa and 
p l  3.5-9 experimental window, which were visualized by 
silver staining. Figure 1 shows the 2-0 gel electrophoresis 
pattern of the soluble proteins of C. albicans SC5314. To 
our knowledge, this is the first C. albicans 2-D map ob- 
tained with IPGs. Using the Melanie II software, about 
600-700 protein spots were detected in cytoplasmic ex- 
tracts. The resolution was good and the technique was 
highly reproducible. Figure 2 shows the 2-D map of C. a/- 
bicans protoplast lysates, in which about 600-700 protein 
spots were also detected. On comparing the maps of 
soluble proteins from exponentially growing cells with 
those from cells without cell walls, an important change in 
the protein pattern was observed. The most relevant find- 
ing was the higher expression of certain proteins (Mr 
range between 30-50 kDa) in the protoplast lysates. 
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Some of these were later identified as glycolytic enzymes 
(see below). The 2-D map of proteins secreted by proto- 
plasts regenerating their cell walls is shown in Fig. 3; in 
this case about 350 proteins were detected. 

In the early 1980s two-dimensional gel electrophoresis 
was used for separating C. albicans cytoplasmic proteins 
in order to investigate different protein expression during 
the morphological transition (yeast-hyphae) of this organ- 
ism (35-381. In these studies, proteins were radioactively 
labeled and about 200-400 spots were resolved. Finney 
et a/. [38] reported the limitations of 2-D PAGE analysis, 
particularly in the detection of low-abundance regulatory 
proteins that might be critical to the establishment of alter- 
native morphologies. However, at that time, apart from 
the problem involved in reproducing the technique, de- 
tected spots that were specific to each morphology could 

not be identified. More recently, Niimi et a/. [39] have 
again addressed this issue using 2-D PAGE with carrier 
ampholytes but failed to detect polypeptides unique to 
either morphology. Fractionation of C. albicans prepara- 
tions by affinity chromatography in order to detect DNA- 
binding proteins followed by SDS-PAGE revealed novel 
polypeptides preferentially synthesized in germ tube- 
forming cells. Here, using 2-D PAGE with IPGs, we show 
it is possible to detect more spots than in all previous 
studies carried out with C. albicans protein preparations 
and that resolution is clearly enhanced. Moreover, the 
possibility of identifying proteins directly from the silver- 
stained spots in the gel, by mass spectrometry [40], would 
allow C. albicans researchers to successfully resolve in- 
teresting approaches attempted previously but hampered 
by technical problems that could not be solved with the 
solutions then available. 

Figure 1. Two-dimensional silver-stained map of C. albicans cytoplasmic extracts. Eno, Hspi’O and GAPDH were identi- 
fied by immunodetection. Arrows indicate antigenic proteins recognized with sera from patients with systemic candidiasis. 



3.3 lmmunodetection of C. albicans proteins 

Some previously described C. albicans antigens include 
heat shock proteins and glycolytic enzymes [17]. Antibod- 
ies against Eno. Hsp70 and GAPDH were used for immu- 
nodetection. Monoclonal antibodies against Eno recog- 
nized several isoforms of enolase with slightly different 
pk. A cluster of two spots at 48 kDa was immunodetected 
in cytoplasmic extracts. However, clusters of four and 
three spots at 48 kDa were detected in protoplast lysates 
and in protoplasts-secreted proteins, respectively. These 
were assigned to the corresponding clusters in the gels 
(Figs. 1-3). Summing up, these results showed that dif- 
ferent Eno isoforms with different levels of expression 
were present in our protein preparations. Using a polyclo- 
nal antibody against Hsp70 (a protein with high homology 
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with the S. cerevisiae SSA family), two spots were detect- 
ed at 70 kDa and at 78 kDa in both cytoplasmic extracts 
and protoplast lysates which were assigned to the corre- 
sponding spots in the gels. In the protoplast-secreted pro- 
teins, this protein was immunodetected in the membrane 
but was undetectable in the silver-stained gel. We also 
assayed antibodies against S. cerevisiae GAPDH and 
one cluster of three and four spots was recognized by 
these antibodies in cell extracts and protoplast lysates, 
respectively. In the protoplasts-secreted proteins on'y two 
spots were recognized and their pattern rendered them 
easily recognizable in silver-stained gels. Finally, we used 
antibodies against S. cerevisiae 8912 (p-1,3-glucan trans- 
ferase); this protein is strongly expressed in S. cerevisiae 
when protoplasts are regenerating their cell walls [26]. 
This protein was detected at 34 kDa and p/4.3 in proteins 

Flgure 2. Two-dimensional silver-stained map of C. albicans protoplast lysates. Identified proteins are shown. Arrows indi- 
cate antigenic proteins recognized with sera from patients with systemic candidiasis. 
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secreted by protoplasts (Fig. 3). Bg12 was undetectable 
by Western blotting in the other protein preparations (cy- 
toplasmic extracts and protoplasts lysates). To summa- 
rize, Eno, GAPDH, Hsp70 and 8912 were identified with 
antibodies on the 2-D maps of different C. albicans pro- 
tein preparations. 

3.4 Detection of C. albicens proteins strongly 
reactive with sera from patients with 
systemic candidiasis 

Six sera from patients with systemic candidiasis and four 
sera from healthy individuals were assayed. In prelimina- 
ry assays using dot blots, tests were performed with sera 
from patients in order to determine which serum dilution 

was the most appropriate. Serum dilutions of 1:lO- 
1:lO 000 were immunoreactive by dot blot. However, 
when we used the sera for imrnunodetection in protein 
preparations separated by 2-D PAGE, better results were 
obtained using lower dilutions (1:50 or 1:lOO). All sera 
were therefore used at a dilution of 1:50. More than 18 dif- 
ferent proteins were immunodetected (Tables 1, 2 and 3; 
and Figs. 1, 2 and 3), and important conclusions could be 
obtained from the different protein preparations used. 
When C. albicans cytoplasmic extracts were analyzed, 
several spots with a molecular mass ranging between 30 
and 84 kDa were imrnunodetected (Table 1 summarizes 
these results.) Proteins with the same molecular mass 
and small differences in p l  are considered to be isoforms. 
Thus, in this sample it was possible to imrnunodetect at 

Figure 3. Two-dimensional silver-stained map of proteins secreted by C. albicans protoplasts undergoing cell wall regen- 
eration. Identified proteins are shown. Arrows indicate antigenic proteins recognized in sera from patients with systemic 
candidiasis. 
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Table 1. C. albicans proteins of cytoplasmic extracts detected by sera from patients with systemic candidiasis 

Proteins Sera 
Number M, (X I o - ~ )  D/ Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 

1 
2 
3 
4 
5 
6 
7 
8-1 0 
1 1  
12 Eno 
13 
14 
15 GAPDH 
16 
17 
18 

84 
67 

60-61 
57-58 
58 

56-57 
56 

51-55 
46-50 
48 

44-46 
42 
35 
34 

30-32 
30 

5.4-5.7 
4.7-5 
4.9-5.1 
4.5-4.7 
6.7-7 
4.24.5 
6.4-6.7 
4.3-4.4 
4.5-4.8 
5.6-5.8 
5.6-6.2 

6 
6.7-7.5 
44.4 
4.2-4.4 
5.9 

Table 2. C. albicans proteins from protoplast lysates detected in sera from patients with systemic candidiasis 

Number M~ (x 10-3) p l  Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 
Proteins Sera 

1 
2 
3 
4 
5 
6 
7 
8-10 
1 1  
12 Eno 
13 
14 
15 GAPDH 
16 
17 
18 

84 
67 

60-6 1 
57-58 
58 

56-57 
56 

51-55 
48-50 
48 

44-46 
42 
35 
34 

30-32 
30 

5.4-5.7 f 
4.7-5 + 
4.9-5.1 + 
4.54.7 + 
6.7-7 - 
4.24.5 + 
6.4-6.7 - 
4.3-4.4 + 
4.5-4.8 + 
5.6-5.8 + 
5.6-6.2 - 

6.7-7.5 - 
4-4.4 - 
4.2-4.4 - 

6 - 

5.9 - 

Table 3. C. albicans protoplast-secreted proteins detected by sera from patients with systemic candidiasis 

Proteins Sera 
Number M, (x I 0-3) D/ Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 

- - - - f 1 84 5.4-5.7 - 
12 Eno 48 5.6-5.8 + + + f f + 
13 44-46 5.6-6.2 * + + - f 
16 34 4-4.4 + + + + f + 

- 

least 17 different proteins (including Eno and GAPDH). 
All sera reacted with at least two different proteins and 
the most immunoreactive serum detected at least ten pro- 
teins (Fig. 4 shows the immunoblot with serum from the 

most immune reactive patient). All sera recognized Eno. 
Another highly immunogenic protein has a molecular 
mass of 49 kDa and a p/ range of 4.5-4.8. When sera 
from uninfected subjects were assayed, a faint reaction 
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with Eno was observed (data not shown). This can be ex- 
plained in terms of the notion that C. albicans is a com- 
mensal organism. 

The same spots were immunodetected when protoplast 
lysates were used (Fig. 2). However, the intensity of the 
immunodetection (in the gel region corresponding to a 
molecular mass ranging between 30 and 55 kDa) was 
higher than when cytoplasmic extracts were used, a fact 
that simplified the immunodetection. Figure 5 shows a 
protoplast lysate immunoblot detected with serum from 
patient number 1. The least reactive protein preparation 
involved the proteins secreted by protoplasts; only four 
proteins were immunodetected. Again, Eno was immuno- 
detected. A new protein that was not present in the other 
samples was recognized. This protein has a molecular 
mass of 34 kDa and a p l  between 4-4.4 (Fig. 6). Angiolel- 
la eta/. [41] have described a 34 kDa cell wall mannopro- 
tein, which was recognized by a rabbit anti-Candida se- 
rum. Further research is necessary in order to know 
whether these proteins are related. The identification of 
this protein could be important and is currently ongoing. 

In conclusion, this work is the first attempt at a large-scale 
identification of C. albicans antigens by combining 2-DE 
and Western blotting with sera from patients with system- 
ic candidiasis. A similar approach is currently being used 
to identify Haemophilus influenzae immunogenic proteins 
[42]. We show the presence of at least 18 immunogenic 
proteins, some of them glycolytic enzymes. The identifica- 
tion of all these proteins is now underway. Although pre- 
liminary, the finding of the presence of different antibodies 
in the sera of patients and the study of different risk 

groups with systemic candidiasis would allow the identifi- 
cation of specific immunodominant antigens in order to 
design improved serologic tests for the diagnosis of can- 
didiasis. 

4 Concluding remarks 

Two-dimensional gel electrophoresis of C. albicans pro- 
tein preparations followed by Western blotting with sera 
from patients with systemic candidiasis provides a power- 
ful tool for the identification of immunoreactive proteins. In 
the present study, we used different C. albicans protein 
preparations (cytoplasmic extracts, protoplast lysates and 
proteins secreted by protoplasts). The use of different 
samples with different patterns of protein expression re- 
veals a useful approach for identifying more immunoreac- 
tive proteins as well as achieving better immunodetection. 
Protoplast lysates allowed easier immunodetection be- 
cause some of the immunogenic proteins are highly 
expressed in this sample. Moreover, the use of a sample 
enriched in cell wall components also allowed the immu- 
nodetection of another antigen that was not present in the 
other samples. This antigen (M, 34 and pl4-4.4) was the 
most immunoreactive protein but, unlike Eno, it was not 
detected in sera from healthy subjects. The identification 
of all the immunodetected C. albicans proteins in this 
work is currently being addressed at our laboratory. Sim- 
ilar studies with patients with systemic candidiasis be- 
longing to different risk groups (i.e., diabetics, patients 
with AIDS, with solid or hematologic tumors) could help in 
understanding the role of the humoral response in C. albi- 
cans infections. The overall view of the different Candida 
antibodies that are being produced in a patient could be 

Figure 4. Left: Detail of the two-dimensional silver-stained electropherograms of C. albicans cytoplasmic extracts. Arrows 
indicate spots matching with immunoreactive spots in Western blots with serum from a patient with systemic candidiasis 
(number 1). Right: Western blots of similar electropherograms with serum from patient number 1. 
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Figure 5. Left: Detail of the two-dimensional silver-stained electropherograms of C. albicans protoplast lysates. Arrows 
indicate spots matching with immunoreactive spots in Western blots with serum from a patient with systemic candidiasis 
(number 1). Right: Western blots of similar electropherograms with serum from patient number 1.  

Figure 6. Left: Detail of the two-dimensional silver-stained electropherograms of C. albicans protoplasts-secreted proteins. 
Arrows indicate spots matching with immunoreactive spots in Western blot with serum from a patient with systemic candi- 
diasis (number 1). Right: Western blots of similar electropherograms with serum from patient number 1. 

useful for the diagnosis as well as monitoring the evolu- 
tion of the disease. 
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We used an improved technique for pulse-chase labeling of phagosomes using cus- 
tom-made magnetic microparticles. With the help of a permanent magnet we purified 
both newly formed, nascent and early matured (i.e., 5-min-old) condensed phago- 
somes in high amounts. The protein patterns of membrane proteins of newly formed 
phagosomes and 5-min-old condensed ones were compared by two-dimensional (2-D) 
electrophoresis. The protein patterns allowed the detection of protein spots that 
changed in abundance between these two stages. Three protein spots abundant in 
condensed phagosomes only and one spot well-stained in both stages were collected 
from ten preparative Coomassie brilliant blue-stained 2-D gels. Following microdiges- 
tion, selected purified oligopeptides were sequenced by Edman degradation. While the 
oligopeptide sequences of proteins from two spots showed high homology to an 
already sequenced 25 kDa calcium binding protein, the other two showed no significant 
homology to protein sequences available in sequence databases. Presently polymer- 
ase chain reaction (PCR) and cloning experiments are set up to reveal the cDNAs of 
these proteins in order to study their function by knock-out and gene replacement 
experiments. 

Keywords: Phagosome I Two-dimensional polyactylamide gel electrophoresis I Oligopeptide 
sequences I Tetrahymena thermophila EL 3358 

1 Introduction 

Phagocytosis is a special form of endocytosis performed 
by eukaryotic cells to internalize large particles. In mam- 
malia, specialized cells, primarily cells of the immune sys- 
tem like macrophages and polymorphonuclear leukocytes 
are engaged in phagocytosis [ l ] .  Protozoa, e.g. ciliates, 
use phagocytosis mainly to take up nutrients like bacteria 
or other food particles (21. In general, phagosomes are 
formed by receptor- and f-actin-dependent processes [ l ] .  
In ciliates, the membrane of the nascent and newly 
formed phagosome is provided by discoidal vesicles 
which fuse with the cytopharyngeal membrane of the cy- 
tostome. Along their maturation pathway the newly 
formed phagosomes undergo a series of interactions with 
other vesicles of the endocytotic and secretory pathway, 
which are accompanied by changes in pH, protein con- 
tent, and protein composition [a]. For Paramecium it has 
been shown that newly formed phagosomes are acidified 
by fusion with a distinct class of vesicles, the so-called 
acidosomes [4]. Acidification of phagosomes by fusion 
with vesicles containing proton-pumping ATPases of the 
vacuolar type is necessary to activate lysosomal enzymes 
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in the phagolysosome, the final compartment of the phag- 
ocytotic pathway, where biogenic macromolecules are di- 
gested [5-71. Following retrieval of lysosomal enzymes 
and membranes, old phagosomes eventually fuse with 
the membrane of the cytoproct, the site where residual 
materials of the old phagosomes are egested [3, 41. Al- 
though the order of steps of vesicle interactions involved 
in phagosome biogenesis and maturation are well-de- 
scribed at the cytological level, neither the molecular com- 
position of phagosomes and the interacting vesicles nor 
the molecular mechanism that regulate these fusion 
events are known. To obtain more information on the mo- 
lecular details of the phagocytotic pathway we began to 
study the age-dependent changes in phagosomal protein 
patterns in the ciliate Tetrahymena thermophila. To purify 
phagosomes of different maturation stages in high 
amounts, we have set up a technique for pulse-chase la- 
beling of phagosomes, using custom-made colloidal iron- 
starch magnetic particles of about 1 pm in size [a]. Feed- 
ing Tetrahymena cells for 30 s with these magnetic parti- 
cles is sufficient to label a single, nascent phagosome per 
cell in more than 90% of the cell population. The first 
phagosomal maturation stage, the condensed phago- 
some, is purified from cells that are kept for a further 
chase period of 4.5 min in fresh culture medium. Both 
types, the newly formed and condensed phagosomes, 
are separated from the cell homogenate by the use of 
permanent magnets. 
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In this study we analyzed the protein patterns of purified 
newly formed and condensed phagosomes. Their mem- 
brane proteins, enriched in the detergent phase by the 
Triton X-114 partition assay and separated by two-dimen- 
sional gel electrophoresis, show distinct patterns. A num- 
ber of protein spots appear to be specific for a particular 
stage of maturation. Our purification technique allowed us 
to collect phagosomal membrane proteins in microgram 
amounts from preparative 2-D gels and, in addition, to 
sequence selected oligopeptides from some of these 
proteins. 

M. T. Maicher and A. Tiedtke 

2 Material and methods 

2.1 Cell culture and medium 
For the isolation of phagosomes we used the Tefrahyme- 
na fherrnophila strain 58281 which is blocked in exocyto- 
sis of mucocysts [9]. The complex medium (PPYS), in 
which the cells were grown, contained 1% w/v proteose 
peptone, 0.1% w/v yeast extract (both from Difco, Detroit, 
MI, USA), and 0.003% v/v SequestreneR (Ciba-Geigy, 
Greensboro, NJ, USA). The cells were grown at 3OoC, 
100 rpm, on a gyrotory shaker in Fernbach flasks (1.2 L), 
containing 400 mL culture medium (101. For the isolation 
of phagosomes, the cells were grown to the late logarith- 
mic phase of growth (0.5-1 x 10scells per mL). 

2.2 Labeling and purification of phagosomes 

For labeling of phagosomes we prepared colloidal iron- 
starch magnetic microparticles of about 1 pm in diameter 
as described by Vosskijhler and Tiedtke [a]. FeCI, and 
FeCI3 were obtained from Fluka (Deisenhofen, Germany) 
and starch from Biomol (Hamburg, Germany). A cell cul- 
ture of 6.4 L (lo6 cells per mL) was sedimented in por- 
tions of 4 X 100 mL in an oil test centrifuge at 380 x g and 
resuspended in 4 x 25 mL of fresh culture medium. To 
obtain phagosomes of a defined age of maturation the 
cells were fed for 30 s with a 10% v/v suspension of mag- 
netic particles. During this short pulse period more than 
90% of the cells formed a single phagosome. To inhibit 
further membrane fusion events, the cells were quickly 
cooled down to 7OC in an ice bath (-15OC, containing 
NaCI) and sedimented (380 X g for 1 min); the superna- 
tant containing noningested magnetic particles was aspi- 
rated. Newly formed phagosomes were directly purified 
with the help of a permanent magnet from the homoge- 
nate of these cells. To obtain maturation stages of newly 
formed, labeled phagosomes, another aliquot of the sedi- 
mented cells was resuspended in fresh culture medium 
(warmed up to 3OoC) and kept on a gyrotory shaker for 
the appropriate chase time. The condensed phagosomes, 
as an early maturation stage, were purified from the ho- 

mogenized cells after a chase of 4.5 min. The cells were 
homogenized in ice-cold homogenization buffer (1 0 mM 
Tris-HCI, pH 7.4, 200 mM sucrose, 1 mM EDTA, 0.8 mM 
Pefabloc, 2 mM leupeptin) with an Ultra-turrax homogeniz- 
er (IKA, S25KR-18G; Staufen, Germany). Progress of ho- 
mogenization was monitored by phase-contrast microsco- 
py. The homogenate was layered on top of a sucrose 
cushion (10 mM Tris-HCI, pH 7.4, 1 M sucrose, 1 mM ED- 
TA) of 1.5 cm height in a 600 mL beaker. The magnetical- 
ly labeled phagosomes were pulled down through the su- 
crose layer to the bottom of the beaker with a strong 
permanent magnet. The supernatant was discarded and 
the phagosomes were washed twice with homogenization 
buffer to remove nonmagnetic contaminants. They were 
resuspended in a small amount of homogenization buffer 
and transferred into an Eppendorf tube for further wash- 
ing steps (380 x g, 3 min). The phagosome preparations 
were regularly checked for contamination using isocitrate 
dehydrogenase as a marker enzyme for cytosol and mito- 
chondria, as described by Vosskijhler and Tiedtke [a]. 
Only uncontaminated phagosomal preparations were 
used for further experiments. The purified phagosomes 
were sedimented and frozen in liquid nitrogen and stored 
at -7OOC. The purification procedure is schematically 
shown in Fig. 1. 

2.3 Separation of phagosomal membrane 
proteins by the Triton X-114 assay 

The purified phagosomes obtained from 6.4 L cell culture 
(about 6 X 10' phagosomes) were solubilized in 3 mL ly- 
sis buffer (10 mM Tris-HCL, pH 7.4, 1% v/v Triton X-114, 
0.8 mM Pefabloc, 2 mM leupeptin) by three freeze-thaw 
cycles in liquid nitrogen and then stored at 4OC for a fur- 
ther 30 min. Magnetic particles were removed from the 
solubilized phagosomal proteins by sedimentation (50 
min, 4OC, 20000 X g). The protein concentration was 
determined according to the BCA protocol (Pierce, Rock- 
ford, IL, USA) using BSA as a protein standard. Mem- 
brane proteins and soluble proteins of the supernatant 
were separated by warming up the Triton X-114 lysate to 
3OoC followed by centrifugation (2OoC, 5 min, 20 000 x g) 
to separate the detergent phase from the aqueous phase. 

2.4 Two-dimensional gel electrophoresis 

The detergent phase containing enriched phagosomal 
membrane proteins was precipitated with 3 M TCA, the 
precipitate was sedimented (4OC, 5 min, 20000 x g), 
washed three times with diethylether, mixed, centrifuged 
again (4OC, 5 min, 20 000 X g) and stored at room tem- 
perature until the diethylether was evaporated. The pro- 
tein pellet was solubilized by sonification (three times, 
3 min each) in 275 pL IEF sample buffer (5 M urea, 2 M 
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of protein spots was performed by coelectrophoresis with 
the Mark 12 protein standard (Novex, San Diego, CA, 
USA) and the Carbamylate calibration kit (Pharmacia). 
The preparative gels were fixed and stained for 1 h in 
Coomassie brilliant blue R-350 and destained in destain- 
ing solution (670 mL bidistilled water, 250 mL ethanol 
p.a.. 80 mL acetic acid p.a.). Gels were stored at 4OC in 
destaining solution. Selected protein spots of ten poly- 
acrylamide gels were pooled in Eppendotf tubes for in-gel 
digestion with endoprotease Lys C. Purified HPLC frac- 
tions of oligopeptides were sequenced by Edman degra- 
dation on a gas phase sequenator (ABI 492 from TopLab 
GmbH, Martinsried, Germany). For the database search 
of peptide sequences we used PATTERNPROT at http:// 
pbil.ibcp.fr1NPSNnpsa-pattern. html. 

I Input of cells 8x10” cclls/rnL 

Pulse chase labeling 
of phagosomes 
with magnetic particles 

Mechanical 
homogenization of the 
labeled cells 

Purification of 
defined ape 
phagosomes 

Solubilization 
of phagosomal proteins 
and separation of 
membrane proteins 
by the Triton X-I14 assay 

Figure 1. Illustration of the technical procedure for en- 
richment of phagosomes of defined age. 

thiourea, 4% wlv CHAPS, 0.8% vlv Ampholine, 65 mM 
DTT) at room temperature [ l  11 and centrifuged for 5 min 
at 20 000 x g to remove insoluble material. For isoelectric 
focusing the Pharmacia Biotech Multiphor II system with 
immobilized pH gradient gels (Pharmacia, Uppsala, Swe- 
den) was used according to the method of Gorg et a/. 112, 
131. lmmobiline dry strips (1 1 cm, linear gradient pH 4-7) 
were directly rehydrated with the sample solution for 6 h, 
according to the method of Sanchez et a/. [14], using the 
Pharmacia rehydration chamber. After rehydration the gel 
strips were focused in the Multiphor II unit for 16 h (300 V 
for 4 h, 1150 V for 5 h, 3500 V for 7 h), cooled to 15OC 
during the run. Focused IEF gel strips were used directly 
for the second dimension (SDS-PAGE). For the second 
dimension, IEF gel strips were equilibrated two times for 
10 min in equilibration buffer ( 6 M urea, 150 mM Tris-HCI, 
pH 8.8. 30% vlv glycerol, 10 mM DTT, 2% wlv SDS con- 
taining trace amounts of bromophenol blue). The IEF gel 
strips were loaded on top of the SDS gels (5% stacking 
gel; 10% separating gel). SDS-PAGE was run at 200 V 
for 2 h 45 min under cooling condition (4OC). 

2.5 N-terminal amino acid sequencing 

After SDS-PAGE, analytical gels were stained with silver 
salt [15]. lsoelectric point and molecular weight calibration 

3 Results and discussion 

We applied our improved technique for the labeling of 
phagosomes using custom-made magnetic microparticles 
[8]. We purified both newly formed, nascent, and early 
matured, be. 5-min-old, condensed phagosomes in high 
amounts. We obtained 0.53 mg of total phagosomal pro- 
teins from the nascent type and 0.8 mg protein of the con- 
densed type from 6.4 x lo9 labeled cells. These high 
yields are due to a high synchrony in phagosome forma- 
tion and subsequent maturation, since 90 percent of the 
cells had formed a single phagosome within 30 s. Our 
system is simple and the yields high, and these features 
emphasize our Tetrahymena system as a useful model 
for studies on biochemical characterization of phago- 
somes. The 2-D separation of phagosomal membrane 
proteins is shown in Fig. 2. We used the Triton X-114 par- 
tition assay and stained the proteins of the detergent 
phase with silver. There were about 150 spots from both 
nascent and condensed phagosomes. They range in ap- 
parent molecular masses from 10 000 to 11 0 000 kDa 
and in p/ values from pH 4 to 7. The differences between 
the two phagosomal preparations show both loss and 
gain of proteins, indicated by arrows in Fig. 2. Similar re- 
sults have been seen in Paramecium [16]. 

We have aimed at a molecular characterization of phago- 
somes. First, we studied membrane proteins which 
change in amount between the different ages of phago- 
some maturation. The electropherogram of a Coomassie 
blue-stained preparative 2-D gel (Fig. 3) showed a similar 
number and distribution of protein spots from condensed 
phagosomes as in Fig. 28, although some spots were 
stained less intensively. We collected three spots with low 
molecular masses numbered 1-3 in Fig. 1. These were 
better stained in the condensed phagosomes than in the 
nascentones (see Fig. 2A, 8). In addition, we punched 
out protein 4, which was well-stained in both ages of 
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Figure 2. Silver-stained two-dimensional gel electropherograms of membrane proteins obtained from purified (A) Nascent 
and (B) condensed phagosomes. After solubilization with Triton X-114 and separation of the membrane phase from the 
aqueous phase, membrane proteins were precipitated with TCA and washed with diethylether. In the first dimension (IEF) 
proteins were separated on linear immobilized pH gradient gels (pH 4-7; 11 cm) and in the second dimension on a 10% 
SDS polyaclylamide gel. Open arrows point to protein spots that changed in abundance during the transition from nascent 
to condensed phagosomes. Spots 1-3 were considered specific for condensed phagosomes, while spot 4 was found well- 
stained in nascent and in condensed ones. The same spots were punched out from the preparative Coomassie brilliant 
blue-stained gels (see Fig. 3) used for microdigestion and amino acid sequencing. 
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Figure 3. Coomassie blue-stained 2-D electropherogram of membrane proteins from condensed phag- 
osomes. The proteins separated in the Triton X-114 detergent phase were precipitated with TCA and 
washed with diethylether. They were separated in the first dimension (IEF) on linear immobilized pH 
gradient gels (pH 4-7; 11 cm). In the second dimension the focused proteins were separated on 10% 
SDS polyacrylamide gels. Spots 1-3 were considered specific for condensed phagosomes, while spot 
4 was found well-stained in both ages of phagosomal development. All four spots were used for micro- 
digestion and amino acid sequencing. 

Table 1. Sequences obtained from Edman degradation ble 1. The database search for the sequences of spots 2 

Spot M, PI Amino acid sequencesa) 
No. kDa 

1 40 5.9 LAQTGLNIQQPYST 
QIGDNVFIGPNSY I 
NPNVEATIIDREF 

(Q)SLVF 

FN(S)FFAPSSD(D)IK 

AIYN(D)AIEIK 
TLNLNDLFPTLK 
DGVDLSINLIK 

2 26 5.9 LDVARRLFK 

3 25 5.7 GIRVEKQ 

4 18 5.1 LIQDYK 

a) Amino acids in parentheses are ambiguous 

phagosome development. The oligopeptide sequences 
obtained from ten Coomassie brilliant blue-stained spots 
of each of the selected four protein spots are shown in Ta- 

and 3 revealed identity of the sequences with those of the 
cDNA of a 25 kDa calcium binding protein of Tetrahy- 
maen themophila reported by Takemasa and co-workers 
[17]. They showed by immunofluorescence that the 25 
kDa calcium binding protein occurred in the cilia. Further 
studies may reveal the function of this protein on phago- 
somes and explain the reasons for the various p l  on our 
2-D gels. The oligopeptide sequences obtained from 
spots 1 and 4 did not show any significant homology to 
known proteins, a finding that is not surprising, since only 
little is known about the molecular details of the phagoso- 
ma1 pathway. We are presently setting up PCR and clon- 
ing experiments to reveal the cDNAs of these proteins in 
order to identify the primary structure of these proteins. In 
addition, we will obtain sequence information about the 
up- and downstream sequences flanking the coding re- 
gions of these genes to obtain the tools for knock-out as 
well as gene replacement studies recently developed for 
Tetrahymena thermophila [ 181. 
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A computer-assisted two-dimensional gel 
electrophoresis approach for studying the 
variations in protein expression related to an 
induced functional repression of NFKB in 
lymphoblastoid cell lines 

Strategies are needed for conclusive interpretation of two-dimensional gel electro- 
phoresis (2-D PAGE) maps in order to identify pertinent differences in protein expres- 
sion during regulation of the transcription of discrete sets of genes. The model used in 
this study was a human lymphoblastoid cell line in which a functional repression of the 
transcription factors NFKB was obtained by induction of overexpression of IrBa, a 
physiological inhibitor of NFKB. The analytical methodology used relies on the compari- 
son of two sets of 2-D PAGE maps for detecting differences in protein expression be- 
tween samples overexpressing or not overexpressing IrBa. The analysis was based 
on a combination of an automatic computerized analysis, constituting an actual aid for 
deciding, and of an interactive visual validation, corresponding to the interpretation of 
computer propositions. This strategy is proposed as a rapid way to detect potential var- 
iations in protein expression applicable to any biological model. In this study, corre- 
spondence analysis data made it possible to discrimate between the samples overex- 
pressing or not overexpressing IrBa, and pointed out some of the potential meaningful 
spots characterizing the samples in which NFKB was active. Then, after visual valida- 
tion of the computer data, 53 polypeptides were considered to be different in the two 
classes of gels. Five polypeptides were specifically found in both samples overex- 
pressing IrBa. The overexpression of IKB also induced a lower expression of 11 poly- 
peptides. Finally, 15 polypeptides were only expressed in samples in which IKBa was 
not overexpressed and, consequently, in which NFKB factors were active. Thus, these 
polypeptides are candidates for further analysis as putative target gene products of 
NFKB. 

Keywords: Two-dimensional gel electrophoresis / Lymphoblastoid cells / Transcription factors 
NFKB. IKB 

1 introduction 

To understand how the chronic activation of the transcrip- 
tion factors NFKB in cells infected by the Epstein Barr vi- 
rus (EBV) [ l ]  may play a role in cell transformation, it 
would be of interest to identify the NFKB target gene prod- 
ucts. For this purpose the two-dimensional gel electro- 
phoresis (2-D PAGE) approach might be convenient. 2-D 
PAGE has become the primary tool for analysis of protein 
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EL 3334 

mixtures due to its high resolution and sensitivity. Since 
its introduction in 1975 [2], there have been many modifi- 
cations of the technique [3]. The most important have 
been, first, the introduction of immobilized pH gradients 
[4-6] and, more recently, the development of third-gener- 
ation image analysis software [7, 81. Nevertheless, the 
2-D PAGE basic principle has remained the same: sepa- 
ration of the components of a complex protein extract first 
by electrofocusing (IEF), which separates proteins ac- 
cording to their p l  and then by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE), which 
separates according to size/mass. 2-D PAGE provides a 
global view of the state of the protein expression, since 
many hundreds of polypeptides can be visualized at once 
after staining. Protein maps of various mammalian tissues 
and cell lines have been established [9-121. Most of these 
maps are accessible by consulting 2-D PAGE databases 
on the World Wide Web (WWW) [13-231. To determine 
differences in protein expression between two samples, 
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the methodology used relies on the Comparison of at least 
two maps. However, all qualitative or quantitative varia- 
tions in protein expression visualized on maps should be 
representative of a biological phenomenon. Unfortunate- 
ly, no two gels are exactly identical due to the versatility of 
the different technical steps, even when paying attention 
to details. The screening of numerous gels for each bio- 
logical condition might minimize the part of the technical 
inhornogeneities. However, running numerous gels to 
analyze one sample is expensive, time-consuming, and 
inapplicable when the biological material is rare. There- 
fore, the aim of this study was to test, using only two gels 
per sample, the usefulness of statistical tools (corre- 
spondence and differential analysis) implemented in 
Melanie II software [7, 81. The analysis was based on a 
combination of an automatic computerized analysis, con- 
stituting an actual decision-making aid, and of an interac- 
tive visual validation, corresponding to the interpretation 
of computer propositions. The biological model was a cell 
system in which a functional repression of NFKB com- 
plexes in the cell cytoplasm was induced by an overex- 
pression of the NFKB inhibitor named IKBu. The results 
obtained made it possible to discriminate between the 
samples overexpressing or not overexpressing I K B ~ ,  and 
highlighted potential target gene products of NFKB factors 
that deserve further investigation. 

2 Materials and methods 

2.1 Apparatus and chemicals 
The equipment for IEF and horizontal SDS-PAGE (Multi- 
phor II electrophoresis chamber, reswelling tray, Immobi- 
line strip tray, Multidrive XL 3500 programmable and 
EPS-500 power supplies) as well as the linear lmmobiline 
dry strips (3 mm wide and 176 f 4 mm long), pH 3-10, 
Excel gel XL SDS gradient 12-14%, Excel gel buffer 
strips, dithiothreitol (DTT), P-mercaptoethanol, carrier am- 
pholyte mixture (Pharmalyte 3-10) and low molecular 
weight calibration kit were from Amersham Pharmacia- 
Biotech (Orsay, France). The GS-700 densitometer and 
Melanie II software release 2.2, as well as the urea and p l  
calibration markers, were from Bio-Rad (Ivry-sur-Seine, 
France). All other chemicals were purchased from Sigma 
and Fluka (Saint-Quentin Fallavier, France). 

2.2 Cell culture model systems 

In an effort to achieve a more reliable and objective identi- 
fication of NFKB target genes in EBV-infected cells, we 
have subcloned the NFKB inhibitor M a  cDNA mutated 
on serines 32 and 36 (IKB 32/36 A) into a mini EBV vector 
containing the doxycycline regulatory sequences (24, 251. 
This construct was stably transfected in a classical lym- 

phoblastoid cell line named PRI. Cells were grown in 
RPMl 1640 supplemented with 20% heat-treated fetal calf 
serum, 100 Ul/mL streptomycin B, hygrornycin (240 pg/ 
mL) and 200 mM glutamine (medium A), in humidified 
atmosphere of 6% COP in air, at 37OC for 3 days. Then, 
the cells were centrifuged at 900 x g, and seeded at 
10' cells/mL in the same medium supplemented with 
10% FCS instead of 20%, 120 p g h L  hygromycin instead 
of 240 pg/mL (medium B), in 75 cm2 flasks (Costar, Stras- 
bourg, France). For overexpression of I d a ,  the cells 
were grown in medium B containing 2 pg/mL vibramycin, 
and the cells were collected after 48 h. 

2.3 Protein extraction 

Cells were centrifuged at 2000 rpm, washed in ice-cold 
PBS 4 x 10 min, resuspended in PBS, and then counted. 
The number of cells was adjusted to 10' cellslml. Soluble 
proteins were extracted with buffer containing 50 mM Tris- 

1.5 mM phenylmethylsulfonyl fluoride (PMSF), and one 
tablet of anti-proteases (Pierce, Rockford, IL, USA) for 
10 mL of buffer. Cells were homogenized with a potter in 
ice-cold buffer. After 1 h in ice, the homogenate was 
centrifuged at 40 000 x g for 1 h 30 min at 4°C. The su- 
pernatant was collected and the protein concentration 
was determined by the Bradford method [26]. Then, the 
supernatant was supplemented with 7 M urea, 2 M thiour- 
ea, 2% wlv CHAPS, and 32 mM DTT, and aliquots were 
stored at -2OOC until use. For this study two independent 
sets of cultures were extracted at intervals of one week. 
Four samples were obtained: [l+lkB] and [2+lkB] corre- 
spond to cells overexpressing kBa, extracted the first 
and the second week, respectively; [1-lkB] and [2-lkB] 
correspond to cells without induction of IKBa overexpres- 
sion, extracted the first and the second week, respective- 

HCI, pH 7.4, 10 mM EDTA, 100 rnM lactose, 65 mM DTT, 

ly. 

2.4 Two-dimensional gel electrophoresis 

All manipulations were performed under a laminar flux, 
wearing gloves and mask, to prevent any contamination. 
The protein samples (25 pL of soluble extract) were 
mixed with 425 pL of 8 M urea, 1 M thiourea, 0.5% vlv 
Triton X-100, 0.8% v/v Pharmalytes, 15 mM DTT, 2% w/v 
CHAPS and a trace of bromophenol blue; next, they were 
in-gel applicated during the reswelling of dry immobilized 
pH gradient (IPG) strips, using a reswelling tray. IPG 
strips were covered with 2 mL of silicon oil to avoid evapo- 
ration. Strips were then left at room temperature over- 
night. The rehydrated IPG strips containing protein sam- 
ples were soaked on a wet piece of Whatman paper, then 
positioned into the grooves of the strip tray on the Multi- 
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classes of gels, permits the selection of groups of proteins 
whose T values for one class are larger than the chosen 
threshold for the other class. This leads to the separation 
of two classes with a T-value percent of confidence [31]. 
This test is meaningful when more than two gels per class 
are analyzed [7]. 

phor II electrophoresis chamber, as described by the 
manufacturer. Focusing was carried out for a total of 
50 000 Vh. Immediately after IEF, IPG strips were equili- 
brated for 2 x 30 min under gentle shaking in 50 mM Tris- 
HCI, pH 8.6, containing 6 M urea, 1% w/v SDS, 65 mM 
DTT. 30% v/v glycerol, and a trace of bromophenol blue. 
lodoacetamide (53 mM) was added to the second equili- 
bration solution instead of DTT. IPG strips not used im- 
mediately were frozen at -20°C prior to equilibration. 12- 
14% Excel gels, (24 cm wide, 18 cm long), were used for 
second-dimensional electrophoresis. The electrode buffer 
was contained in acrylamide SDS buffer strips. The equili- 
brated IPG strip was transferred to a horizontal SDS gel. 
Fifteen pL of calibration markers were applied at each 
end of the IPG strip. Electrophoresis was carried out 
at 40 V for 40 min; then the voltage was increased to 
1000 V, 45 mA for 20 min. The IPG strip was removed to 
prevent precipitation of proteins, and the cathodic buffer 
strips was moved forward to cover the area of the remov- 
ed IPG strip. Electrophoresis was continued for 3 h 
45 min at 1000 V, 45 mA. The gels were silver stained 
according to [27]. 

2.5 Gel analysis 

Silver-stained gels were scanned using a fluorescent den- 
sitometer which generated digitalized images, linked to 
an Apple Power Macintosh computer. The computer im- 
age analysis, as well as the statistical data analysis, was 
carried out using Melanie II software release 2.2, allowing 
automatic detection and quantification of protein spots, as 
well as the resizing, alignment, and matching between 
our different bidimensional electrophoresis gels and the 
maps stored in the SWISS-2D-PAGE database [ lo,  281. 
Spot volume of each protein was computed by consider- 
ing spot area and spot optical density. The quantification 
of each spot was expressed as percent volume ( O h  V), 
where % V = spot volume/Z volumes of all spots resolved 
in the gel [7]. The p/ and Mr were calibrated for each gel 
using the positions of identified proteins (p-actin major 
spot: p15.26/Mr41 900; galectin 1: p/5.1/Mr 14 500; ubiq- 
uitin: p l  7.16/Mr 8500) or p/ and M, calibration markers as 
described [12, 291. Statistical data analysis was per- 
formed on groups of features in sets of gels. Variations, 
differences, and similarities were computed. Classes of 
gels were automatically created by correspondence anal- 
ysis (CA) [8, 301. Briefly, this statistical method based on 
data variation and their standard deviations creates a pro- 
jection onto a factorial space of small dimensionality, in 
which gels and their significant spots appear as points (81. 
Therefore, it is easy to visually determine which gels are 
similar and which are the most significant proteins in 
these gels. The Student T-test, performed on two given 

3 Results 

3.1 Reproducibility of protein extraction 

In order to determine the reproducibility of the extraction 
step, we performed two sets of experiments at intervals of 
one week. Soluble protein extracts were prepared as 
described in Section 2.3. The amount of soluble proteins 
extracted from 10' cells was determined by the Bradford 
method. No significant differences were observed be- 
tween the protein amount extracted from the cells overex- 
pressing or not overexpressing I&a (Student T-test: 
p = 0.40 and P variance = 0.017; Table 1). As the repro- 
ducibility of the extraction was excellent, we ran four gels 
on 3-10 IPG strips corresponding to the four extracts 
[l+lkB], [2+lkB], [1-IkB], and [2-lkB]. 

3.2 Establishing an automatic classification of 
the gels 

The four silver-stained gels were digitalized and process- 
ed with Melanie II software. After the background was 
eliminated from the image, the features were automatical- 
ly detected using a Laplacian algorithm [8]. Some manual 
adjustments were made to improve automatic detection. 
They consisted of elimination of molecular markers de- 
tected as features, and of separation of some adjacent 
spots detected as unique by the computer. The protein 
maps obtained are shown on Figure 1. The numbers of 
spots quantified were 438 for [l+lkB]. 500 for [2+lkB], 406 
for [l-lkB], and 612 for [2-lkB]. The molecular mass 
range covered was from approximately slightly more than 
110 kDa to about 7 kDa. Resolved proteins spanned a p l  
from about 4.0 to about 8.0. Polypeptides with p/ > 8 were 
poorly focalized in the pH range 3-10 used for running 
IEF. 

Table 1. Amount of soluble proteins (mg/mL) extracted 
from 10' cells overexpressing (+lkB) or not 
overexpressing (-lkB) IKB a, in two independ- 
ent sets of experiment 

Cells Experiment sets 
No. 1 No. 2 Mean value 

+IkB 
-IkB 

4.85 4.60 4.72 f0 .17 
4.22 4.70 4.46 f 0.33 

Determined by the Bradford method 
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Figure 1. Silver-stained analytical 2-D gels containing soluble proteins of PRI lymphoblastoid cell line overexpressing 
[+lkB] or not overexpressing IKBU [-IkB]. Two sets of gels were run, corresponding to two independent experiments 
[l+lkB], [2+lkB], [I-IkB], and [2-lkB]. Soluble proteins from 2.5 x lo6  cells were first separated by isoelectric point on 
18 cm strips over a pH gradient of 3-10, and then by their relative mobility in 12-14% polyacrylamide with SDS. Gels were 
stained, scanned with a fluorescent densitometer, and image analysis was done using Melanie II software (release 2.2). 
Coordinates of identified proteins indicated by arrows on the maps: pl/M$-actin, 5.26/41 800; galectin 1, 51/14 500; 
thioredoxin, 4.85/12 420; ubiquitin, 7.1 6/8500. 

For aligning and matching of the four gels, control points to emphasize without a priori the natural formation of 
were created at specific positions on the gel images. The classes among the four gels, a computerized classifica- 
matching between two gels resulted in an association of tion of [l+lkB], [1-IkB], [2+lkB] and [2-lkB] gels was done 
corresponding spots forming pairs. Each gel being used by CA implemented in Melanie II. Figure 2 shows the 
alternatively as a reference gel (RG), groups were auto- graphic representation of CA obtained. There was clear 
matically created when matching the other gels with the evidence of two classes of gels in the projection into fac- 
RG. Depending on the gel used as RG, the number of torial space, namely class A composed of samples 
groups varied. When [2-lkB] was used as RG, 496 [l+lkB] and [2+lkB], and class B composed of [1-lkb] and 
groups were generated, while only 439 were generated [2-lkB]. The dispersion of the points demonstrates that 
using [2+lkB] as RG. This difference was related to the the gels belonging to the same class were not exactly 
absolute number of spots detected in the RG. identical as a consequence of the technical process. 

However, these defects did not affect the correct discrimi- 
The visual task of comparing gels on the basis of the nation between the Samples on the basis Of IKBU overex- 
number of spots was critical and even impossible. Then, Pression. The most important spots representative of a 
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particular class of gels are also visualized on Fig. 2. Table 
2 is the result of sorting the spots by their contributions to 
the first factorial axis, that is, the spots considered the 
most significant by the computer. Further, we examined 
the spots that the computer has deemed representative. 
Indeed, not all were pertinent. Some, such as No. ID 208, 
7, or 283, were spots with a high volume value related to 
poor focalization. Conversely, spots No. ID 273, 25, 20 
and 90 were expressed differently in the samples (Fig. 3). 
For example, spots 20 and 25 were clearly representative 

Class B Class A 

I . , <& 

t : vgnificalivc spots 

t7  I .  

+273 
I l - l k H I  I 12+1kBI 

Figure 2. Correspondence analysis graphical results for 
the 4 gels represented by their names, and the 8 most 
significant spots represented by No. ID in [2+lkB] gel and 
"+" sign. The simultaneous projection of gels and spots in- 
to a 2-D factorial space allows dividing the gels in two 
classes, namely ([1-IkB], [2-lkB]), and ([l+lkB], [2+lkB]). 
Spot No. ID 208 is far from the others. Further interactive 
visual examination confirms that it is irrelevant to charac- 
terize the gel [l+lkB]. 

Table 2. Correspondence analysis data of [l+lkB], 
[2+lkB], [1-IkB], and [2-lkB] gels 

Group ID Contribution (Yo) 

208 
273 
312 

7 
283 
25 
20 
90 

4.24 
4.1 1 
3.02 
2.56 
2.35 
2.22 
2.22 
2.18 

The eight most important spots (volume values), listed 
according to their absolute contribution to the first factorial 
(in percent) axis. The group identification number (ID) cor- 
responds to the number provided by the reference gel 
chosen [2+lkB]. 

Figure 3. Montage showing the spots (arrows) that were 
detected by correspondence analysis as expressed differ- 
ently in the two classes of gels. ID numbers are those in 
the [2+lkB] gel. The experimental coordinates (pllM,) 
determined on [2+lkB] for spot No. ID 273, 25, 20, 90 are: 
5.07147 768, 5.lOi79 781, 7.23184 116, 6.46157 793, 
respectively. 

of the gels of class B, namely [1-lkB] and [2-lkB]. Of the 
eight spots highlighted by the computerized classification, 
only half were actually meaningful for our purpose. 

3.3 Variations in protein expression related to 

In a second step, the data of volume values obtained for 
the four gels were statistically analyzed using differential 
analysis (DA). DA is a simple method of quantifying varia- 
tions in spot values. Actin was chosen as an internal 
reference for protein expression. The volume values of 
the major p-actin spot (No. ID 387 in reference gel 
[2-lkB]), as well as the relative abundance of this poly- 
peptide, were close for all gels, as estimated by the value 
of the %Vol of this spot, Le., 2.49, 2.1 8, 2.30, and 2.02 for 
gels of class A and B, respectively. Then, after manual 
validation of the computer data, 53 polypeptides were 
considered as different in the two classes of gels (Tables 
3, 4). Of these, 15 polypeptides were only expressed in 
samples in which IrBa was not overexpressed and, con- 
sequently, in which NFKB factors were active (Table 3). 
The overexpression of IKBa also induced a lower expres- 
sion of 11 polypeptides (Table 4). Finally, only five poly- 
peptides were specifically found in both samples overex- 
pressing Ma. There was a good correlation between the 
protein expression variations determined using the vol- 
ume or using the %Vol values (data not shown). However, 
light variations in abundance of some given polypeptides 
were pointed out using the %Vol values. For example, an 
increased expression was specifically detected for four 
polypeptides in the samples corresponding to the gels of 
class A, namely the IrBa-overexpressing samples (Fig. 
4A). Moreover, a polypeptde (coordinates: p l  4.561 
Mr 37 618) specifically detected in [2+lkB] gel yielded 

overexpression of lrBa 
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0.03% of the total proteins expressed on the gel (Fig. 46). 
The p l  and Mr values of this spot were close to the theo- 
retical p//M, (4.57/35 600) of k B a  protein indexed as P 
25963 in the SWISS-PROT database. One of the best 
ways to study the variation in protein expression among 
our four gels was to produce synthetic gels by merging 
features from the studied gels. Therefore, two synthetic 
gels were created. The first one (Sl)  was produced by 
merging the groups common to [l+lkB] and [2+lkB] gels, 
and the second one (S2) was produced by merging the 
groups common to [I-lkB] and [2-lkB] gels. S1 and 52 
gels were matched, and then groups were generated. By 
numeric inversion of spot selection, the spots that were 
not automatically paired were highlighted and numbered 
(Fig. 5). Among them, we found the 16 spots reported in 
Table 3 that were previously highlighted by the differential 
volume analysis. Figure 6 shows some of these represen- 

tative spots that were expressed only in samples without 
k B a  overexpression. 

4 Discussion 

The aim of this study was to examine, using only two gels 
per sample, the usefulness of statistical tools implernent- 
ed in Melanie II software [7, 81 to evidence variations in 
protein expression related to an inhibition of NFKB com- 
plexes in lymphoblastoid cells. The strategy applied was 
based on a combination of an automatic computerized 
analysis, constituting an actual aid for deciding, and of an 
interactive visual validation, corresponding to the interpre- 
tation of the computer propositions. This is a rapid way to 
detect objectively potential variations in protein expres- 
sion before addressing the question of characterization of 
the variant polypeptides. 

Table 3. Proteins expressed differently in the two classes of gels using [2-lkB] as reference gel 

Group IDa' Tvalueb) [l+lkB](A) [2+lkB](A) [I-lkB](B) [2-lkB](B) p l  M 
VOI. value') Vol. value Vol. value Vol. value 

17  0.882 0.000 0.000 0.01 9 0.009 5.34 
10') 0.834 0.000 0.000 0.027 0.01 0 5.21 
23') 0.852 0.000 0.000 0.010 0.025 5.1 1 
24 0.940 0.042 0.066 0.116 0.148 5.13 
29') 0.916 0.000 0.000 0.020 0.037 4.92 
59') 0.895 0.000 0.000 0.032 0.067 4.80 
66') 0.838 0.000 0.000 0.227 0.165 6.53 
81 0.993 0.025 0.023 0.109 0.096 5.51 
85 0.946 0.003 0.010 0.021 0.025 5.47 
90 0.959 0.017 0.000 0.074 0.057 5.97 

110 0.969 0.006 0.000 0.031 0.041 5.53 
112') 0.902 0.000 0.000 0.01 1 0.005 5.23 
118 0.816 0.014 0.042 0.084 0.188 5.1 1 
122 0.871 0.073 0.157 0.216 0.283 5.41 
131 0.901 0.020 0.028 0.091 0.159 5.45 
13V) 0.978 0.000 0.000 0.326 0.440 5.34 
184 0.842 0.043 0.096 0.132 0.200 5.07 
189 0.896 0.095 0.179 0.261 0.339 5.41 
190 0.876 0.040 0.031 0.049 0.061 5.36 
217') 0.991 0.000 0.000 0.067 0.081 5.32 
231 *) 0.881 0.000 0.000 0.028 0.063 5.24 
232") 0.948 0.000 0.000 0.126 0.204 5.28 
269 0.807 0.000 0.000 0.057 0.018 4.34 
350 0.821 0.494 0.450 0.045 0.324 6.07 
451') 0.971 0.000 0.000 0.025 0.017 5.16 
456*) 0.91 6 0.000 0.000 0.025 0.047 5.53 
500 0.952 0.025 0.000 0.041 0.066 5.12 
536 0.813 0.027 0.000 0.040 0.077 5.39 
5949 0.952 0.000 0.000 0.027 0.043 5.20 
65V) 0.999 0.000 0.000 0.019 0.020 6.07 

a) ID number in [2-lkB] gel 
b) The Student T-test was performed on the two classes of gels; the range of confidence chosen was > 80% 
c) The volume of each spot was determined using (OD X area) 
') Asterisks highlight the spots specifically detected in gels of class 6 

113917 
99761 
94864 
94864 
95299 
88167 
85780 
80090 
79724 
78637 
74436 
74096 
71760 
70782 
69498 
68865 
64594 
65006 
64006 
62846 
61425 
61 145 
56573 
47768 
41 693 
41 693 
37618 
3561 0 
29278 
24226 
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Table 4. Proteins expressed differently in the two classes of gels using [2+lkB] as reference gel 

VOI. value') VOI. value Vol. value Vol. value 
Group IDa) Tvalueb) [l+lkB](A) [2+lkB](A) [ 1 -I kB](B) [2-lkB](B) p l  Mr 

2 

20 
21 
30 
40 
42') 
43 
90 
91 

110 
112 
124 
148 
161 
164 
195 
197 
198') 
229') 
363') 
387 
402*) 

I$) 
0.805 
0.943 
0.903 
0.940 
0.918 
0.951 
0.967 
0.991 
0.808 
0.842 
0.973 
0.882 
0.935 
0.986 
0.868 
0.898 
0.855 
0.887 
0.81 1 
0.887 
0.857 
0.967 
0.965 

0.000 
0.009 
0.205 
0.064 
0.000 
0.042 
0.01 1 
0.012 
0.100 
0.043 
0.037 
0.126 
0.000 
0.066 
0.046 
0.000 
0.125 
0.494 
0.119 
0.012 
0.014 
0.020 
0.054 

0.005 
0.016 
0.361 
0.090 
0.008 
0.042 
0.016 
0.017 
0.113 
0.096 
0.039 
0.137 
0.047 
0.056 
0.059 
0.030 
0.099 
0.450 
0.039 
0.025 
0.035 
0.029 
0.036 

0.006 
0.048 
0.583 
0.250 
0.027 
0.107 
0.000 
0.049 
0.150 
0.132 
0.074 
0.208 
0.132 
0.236 
0.080 
0.056 
0.045 
0.161 
0.000 
0.000 
0.000 
0.000 
0.000 

0.010 
0.071 
0.504 
0.183 
0.044 
0.146 
0.000 
0.045 
0.239 
0.200 
0.088 
0.299 
0.074 
0.200 
0.114 
0.062 
0.079 
0.324 
0.000 
0.000 
0.000 
0.000 
0.000 

7.23 
6.88 
7.23 
6.98 
7.22 
6.65 
5.09 
6.54 
6.46 
5.02 
7.23 
7.09 
5.48 
7.41 
7.23 
7.07 
6.67 
6.92 
7.12 
7.57 
6.75 
9.01 
6.61 

001 07 
85915 
84116 
85010 
78525 
70267 
70640 
69897 
57793 
57526 
55696 
55696 
54676 
51489 
49621 
49621 
43600 
43000 
44005 
42573 
28121 
26604 
25402 

a) ID number in [2-lkB] gel 
b) The Student T-test was performed on the two classes of gels: the range of confidence chosen was > 80% 
c) The volume of each spot was determined using (OD x area) 
d) Italic characters point out spots showing a lower expression in gels of class A 
*) Asterisks highlight the spots specifically detected in gels of class B 

Figure 4. Enlargements of 
two regions of 2-0 maps ob- 
tained with samples (1-IkB], 
[2-lkB], [l+lkB], and [2+lkB]. 
Variation in abundance was 
pointed out using the %Vol val- 
ues. (A) An increased expres- 
sion was specifically detected 
for 4 polypeptides in the IKBa- 
overexpressing samples. (8) A 
polypeptide (coordinates: p l  
4.56, Mr 37618) was specifi- 
cally detected in [2+lkB]. The 
p l  and M, values of this spot 
were close to the theorical pl/ 
M, (4.57/35 600) of IKB protein 
indexed as P 25963 in SWISS- 
PROT database. 



444 R. Joubert-Caron eta/. 

Our data demonstrate the usefulness of the correspond- 
ence and differential analysis for analyzing variations of 
protein expression. We first verified that the standardiza- 
tion of the protein extraction step was satisfying, and we 
demonstrated that no noticeable difference in protein con- 
tent of the samples was generated in two sets of experi- 
ments. To detect differences between two samples, 
conventional 2-D PAGE methodology relies on the com- 
parison of at least two different gels. Indeed, qualitative 
and a fortiori quantitative inter-gel comparisons of pro- 
teins separated by 2-D PAGE present a number of prob- 
lems that may arise from mechanical handling of sam- 
ples, protein loss during IEF or SDS-PAGE, variations in 
staining intensity, etc. So far, to circumvent the problems 
of reproducibility, investigators are faced with the run of 
many gels of the same sample, the use of alternative 
methods such as difference gel electrophoresis [32], or 
the use of normalization algorithm [33]. The emergence 
of third-generation software such as Melanie II release 

2.2 has recently allowed the quantification of differences 
within groups of proteins and among gels through the use 
of statistical methods having complementary capabilities 
[7, a]. Although constitutive proteins such as p-actin were 
found constantly expressed in the two experimental sets 
run, the number of spots varied from one sample to an- 
other, depending on the technical process used. There- 
fore, it was actually impossible to classify the four gels on 
the basis of the number of spots. To address the question 
of gel classification, CA was successfully employed in this 
work. It provided a clustering of the four gels on the basis 
of the overexpression of IrBa without a priori, and despite 
the presence of some technical defects. In this study the 
data of the CA was obtained with eight groups; however, 
the automatic discrimination between [IkB+] or [IkB-] 
samples remained valuable when a greater number of 
groups was displayed (data not shown). Four polypepti- 
des highlighted by the computerized classification were 
actually meaningful for our purpose. In spite of the few 

Figure 5. The synthetic map representing the spots highlighted by numeric inversion of selection of protein patterns pro- 
duced by merging the groups common to four gels is displayed. The spots that were not automatically paired were high- 
lighted and numbered. The 15 polypeptides occurring only in samples where IKBa was not overexpressed are shown in 
green. These spots are candidates for further analysis as putative target gene products of NFrB. 
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work including 2-D PAGE on narrow-range pH gradients 
and characterization of differently expressed polypeptides 
by mass spectrometry analysis is in progress. 
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Figure 6. Enlargements of some regions of 2-D maps 
obtained with samples (2+lkB] and [2-lkB]. The displayed 
portions show 8 of the 15 polypeptides specifically 
expressed in samples where IKBa was not overex- 
pressed. These spots are indicated by arrowheads in 
framed regions; the same regions framed in [2+lkB] 
appear empty of spots. 

number of gels compared, the differential analysis with 
class set pointed out 15 polypeptides that were specifical- 
ly detected in samples in which NFKB was not inhibited. 
From synthetic gels the same spots also emerged as spe- 

cific of the samples without any I K B ~  overexpression. In 
the cell constructs employed in this study, i.e., lympho- 
blastoid cells containing a mini EBV cassette [24, 251, 
NFKB complexes were always activated in absence of 
overexpression of IKBCX. The overexpression of IKBa was 
controlled by tetracycline (vibramycin). Tetracycline oper- 
on was currently chosen as an efficient regulatory system 
in mammalian cells because it is well established that it 
has no side effects on eucaryotic cells [34. 351. The over- 
expression of I K B ~  led to a dose-dependent inhibition of 
NFKB transcription activity (data not shown). Therefore, 
the proteins that were specifically detected in samples in 
which NFKB complexes were active are candidates as pu- 
tative target gene products of NFKB. It will be necessary 
to proceed further in the identification of these polypepti- 
des to reach a definite conclusion. With this object, further 
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Technology development at the interface of 
proteome research and genomics: Mapping 
nonpolymorphic proteins on the physical map 
of mouse chromosomes 

Data obtained from protein spots by peptide mass fingerprinting are used to identify 
the corresponding genes in sequence databases. The relevant cDNAs are obtained as 
clones from the Integrated Molecular Analysis of Genome Expression (I.M.A.G.E.) 
consortium. Mapping of I.M.A.G.E. clones is performed in two steps: first, cDNA clones 
are hybridized against a 1 0-hit genomic mouse bacterial artificial chromosome (BAC) 
library. Second, interspersed repetitive sequence polymerase chain reaction (IRS- 
PCR) using a single primer directed against the mouse B1 repeat element is performed 
on BACs. As each cDNA detects several BACs, and each individual BAC has a 50% 
chance to recover an IRS-PCR fragment, the majority of cDNAs produce at least a sin- 
gle IRS-PCR fragment. Individual IRS fragments are hybridized against high-density 
spotted filter grids containing the three-dimensional permutated pools of yeast artificial 
chromosome (YAC) library resources that are currently being used to construct a phys- 
ical map of the mouse genome. IRS fragments that hybridize to YAC clones already 
placed into contigs immediately provide highly precise map positions. This technology 
therefore is able to draw links between proteins detected by 2-D gel electrophoresis 
and the corresponding gene loci in the mouse genome. 

Keywords: Mouse / Proteome / Physical map / Map integration / Interspersed repetitive sequence 
polymerase chain reaction 

1 Introduction 

Protein extracts isolated from different tissues, develop- 
mental stages, or organ structures that have undergone 
pathological alterations will reveal differences in protein 
composition as observed by two-dimensional gel electro- 
phoresis (2-DE) [ l  , 21. Matrix-assisted laser desorption/ 
ionization (MALDI) mass spectrometry (MS) has become 
an established procedure to provide peptide mass finger- 
prints from protein spots excised from a gel that may 
allow the identification of a cognate DNA sequence in a 
database search [3, 41. Once it is known from which gene 
a protein spot is derived, it is important to determine the 
chromosomal position to link the phenotype examined on 
2-DE to a genomic region. Additionally, this will allow the 
integration with existing mouse maps in order to deter- 
mine if a gene is a candidate for a genetically mapped 
mouse mutation. Knowledge of the map position in the 
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mouse genome also allows one to predict the map loca- 
tion of the corresponding human homolog. With this infor- 
mation at hand, possible links to human disease loci can 
be explored. 

Proteins that display strain-specific mobility variations or 
intensity differences are amenable to genetic mapping on 
segregating F2 or N 2  populations. Nonpolymorphic pro- 
teins can not be subjected to this type of analysis and 
need to be brought into context with the genome maps 
via a DNA-based approach. 

At the time of writing (Sept. 1998) 2000 different genes 
have been mapped in the mouse according to the Uni- 
Gene data release [5] which corresponds to 2% of the 
genes in the mouse genome. At the same time, the 
mouse expressed sequence tag (EST) collection alone 
comprises 187 000 sequences that fall into 10 000 clus- 
ters [5]. The speed at which polypeptides are identified to 
be derived from novel genes clearly asks for a mapping 
technique that is able to match this pace. Here we present 
a simple strategy for high-precision gene mapping that 
exploits the current efforts to construct a yeast artificial 
chromosome (YAC)-based physical map of the mouse 
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From Genome to Proteome: Advances in the Practice and Application of Proteomics 
Edited by Michael J Dunn 

copyrigh 0 WILEY-VCH Verlag GmbH, 2000 



448 C. Nock eta/. 

genome at the Whitehead Institute [6] and in our unit. 
Mapping a gene onto YACs can be achieved using either 
a PCR- or a hybridization-based approach. PCR that em- 
ploys gene-specific primers on purified YAC-DNA in the 
format of three-dimensional (3-0) pools [7, 101 has limita- 
tions in that a large number of PCR reactions with dis- 
crete pairs of primers have to be performed in order to 
comprehensively screen current YAC library resources. 
YAC identification by hybridization of a cDNA probe 
against YAC colony filters is difficult, mostly because little 
target DNA is retained on the membrane. These draw- 
backs can be avoided with the introduction of the inter- 
spersed repetitive sequence (IRS) PCR technique [a-1 11. 
IRS-PCR is employed to amplify fragments flanked by re- 
peat elements and can be conducted on any genomic 
DNA template including bacterial artificial chromosome 
(BAC) clones, YACs and YAC pools. In our set-up (Fig. 
l ) ,  a cDNA is first used to identify corresponding genomic 
BAC clones by hybridization and to subsequently use the 
clones as a substrate for IRS-PCR. Fragments generated 
can then be hybridized against filter grids that contain the 
IRS-PCR amplification products of individual YAC pools. 
Using the appropriate software tools, YACs identified can 
be matched against the existing physical map framework 
[6, 121. 

In the current study we chose to demonstrate the validity 
of the approach on two protein spots identified as the 
products of the mouse A/bl (Albumin 1) and Nf/(Neurofi- 
lament light peptide) loci, because the chromosomal map 
positions of both genes were well established through the 
work of other investigators [13-16). 

Protein identification by MALDI-MS peptide m a s  !ingaprints 

J. 
Search for homologous I.M.A.C.E. consortium cDNA donen 

in the EST division of Geneank 

5. 
Hybridization of cDNA probe against genomic m o w  BAC library 

J. 
IRS PCR on confinned BAC clones 

J. 
Hybridization of IRS p(a fragments against YAC pool filters 

3. 
High-predsion map position on the mouse physical map 

Figure 1. Flow diagram to describe the strategy for draw- 
ing links between nonpolymorphic proteins detected by 
2-D gel electrophoresis and the corresponding gene loci 
on the mouse physical map. 

2 Materials and methods 

2.1 Experimental animals 
Twelve-week-old female mice from the inbred strain 
C57BU6 were obtained from The Jackson Laboratory 
(Bar Harbor, ME, USA). 

2.2 Preparation of protein samples 

Protein samples were prepared from single brains in three 
fractions: the buffer-soluble proteins, the urea/CHAPS- 
soluble proteins and the proteins remaining in the remain- 
ing pellet (DNAse-digested pellet suspension). The ex- 
traction procedure has been described in detail elsewhere 
[17]. The results presented here concern the buffer-solu- 
ble fraction. 

2.3 2-D gel electrophoresis 

Proteins were separated by using the large-gel 2-0 elec- 
trophoresis technique recently described in detail [ la, 191. 
The gel format in this technique is 40 cm (IEF) x 30 cm 
(SDS-PAGE). Fifty pL (500 pg of protein sample) were 
loaded onto an IEF gel of 1.5 mm in diameter. SDS gels 
(1.5 mm) were stained with Coomassie blue according to 
Rosenfeld eta/. ([20], “modified procedure”). 

2.4 Sample preparation for MALDI-MS 

Coomassie blue-stained spots were destained with diges- 
tion buffer containing 40% acetonitrile. Protein spots were 
in-gel reduced, S-alkylated and in-gel digested with an ex- 
cess of trypsin (6 h, 37’C) as described by Shevchenko 
et a/. [21] except that the reduction was performed with 
tris(2-carboxyethy1)phosphine hydrochloride (TCEP-HCI) 
at room temperature. After digestion, a 0.3 pL aliquot from 
the 3-5 pL supernatant was used for MALDI-MS analysis. 

2.5 Mass spectrometry 

MALDI peptide mass fingerprint analyses were obtained 
on a Bruker Reflex II-MS (Bruker-Franzen Analytik, Bre- 
men, Germany) equipped with a SCOUT multiprobe inlet 
and a gridless pulsed ion extraction source. Microcrystal- 
line matrix surfaces for MALDI-MS containing nitrocellu- 
lose were made by the fast evaporation method according 
to Vorm et a/. [22]. Aliquots of the tryptic digestion mix- 
tures were mixed into a 0.5 pL droplet of 5% formic acid 
and rinsed with water as described by Jensen eta/. [23]. 

2.6 Bioinformatics and protein spot 

The Peptidesearch software tool was used to identify pro- 
teins from peptide mass fingerprint data [3, 4, 241 at nrdb, 

nomenclature 
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the nonredundant protein sequence database at the EBI 
(European Bioinformatics Institute, Hinxton, UK). Homol- 
ogy searches via blast or tblastn were carried out online 
as implemented on the NCBI web server [25]. Protein 
spots are named according to our Protein Standard Map 
[24, 261. 

2.7 Clone libraries and filters 

The mouse BAC library (B. Birren eta/., unpublished) was 
purchased from Research Genetics (Huntsville, AL, 
USA). Automation-assisted filter production and filter 
processing were as described [ l  11. A picking copy of the 
library was kept in-house. YAC pools from mouse YAC li- 
braries 902, 903, 910, 917 [27] were produced in-house 
or obtained from HGMP Resource Center (Hinxton, UK). 
A detailed account on pool generation and the spotting 
procedure has either been presented [ lo]  or will be given 
elsewhere (Schalkwyk et a/., unpublished). Integrated 
Molecular Analysis of Genome Expression (I.M.A.G.E.) 
clones were obtained from the RZPD Resource Center in 
Berlin, Germany [27]. 

2.8 IRS-PCR 

Reactions with primer B1 R (5'-AGTCCAGGACAGC- 
CAGGGCTAYACAGA-3') were carried out either on BAC 
colony material or 1 ng of purified BAC-DNA in a buffer 
that contained 35 mM Tris base, 15 mM Tris-HCI, 0.1% 
Tween-20,50 mM KCI. 1.5 mM MgC12, and 125 PM of each 
dNTP under conditions described previously [ l  11. 

2.9 Probe preparation and filter hybridization 

Radioactive labeling was carried out at room temperature 
overnight using the random priming method [28]. BAC 
colony filters, YAC pool filters and Southern blots were 
hybridized in Church buffer [29] in a 65°C water bath 
overnight. Filters were washed in 2 x SSC/O.l% SDS and 
0.1 x SSC/O.l% SDS for 15 min (BAC) or 60 min (YAC) 
each, at 65°C. Exposure to Kodak X-ray film was at room 
temperature or -80°C from overnight up to five days. 

2.10 Miscellaneous techniques 

BAC-DNA from liquid cultures was prepared on the PI- 
100s automatic plasmid isolation system (Kurabo, Osa- 
ka, Japan) according to the manufacturer's instructions. 
Restriction digests were done using standard protocols 

[301. 

3 Results 

3.1 Characterization of protein spots A4-199 
and B2-017 and identification of 
corresponding cDNA and genomic clones 

Mouse brain-derived protein spots A4-199 and 82-01 7 
were retrieved from 2-D electrophoresis gels (Fig. 2) and 
the trypsin-digested peptides analyzed by MALDI-MS. 
The resulting peptide mass fingerprints were run against 
the nrdb database. At a sequence coverage of 29.9%, 
spot A4-199 was identified to be derived from the mouse 
albumin locus (Albi).  Protein spot 82-017 was identified 

Figure 2. 2-D gel electro- 
phoresis pattern of the mouse 
brain supernatant fraction. The 
complete protein standard map 
is shown on our homepage 
(URL: http://www.charite.de/hu- 
mangenetik). The left arrow 
points to spot B2-017 (p14.79) 
and is identified as the neu- 
rofilament light peptide (Nft 
SWISS-PROT P08551). The 
arrow at p l  5.67 indicates spot 
A4-199, mouse serum albumin 
(Albl;  SWISS-PROT P07724). 



450 C. Nock e l  a/. 

Figure 3. Characterization of mouse BAC clones from 
the Albl and Nfl loci. (A) Restriction-digested DNA from 
BAC clones 1, 154b6; 2, 19895; 3, 239h3; 4, 295n4; 
5, 466118 hybridized with the Albl cDNA probe. (B) Re- 
striction-digested DNA from BAC clones (6) 28e7, (7) 
7793, (8) 77m22. (9) 296n3, (10) 406k22 hybridized with 
the Nfl cDNA probe. (C) IRS-PCR performed on Albl- 
and Nfl-containing BAC clones. (x) indicates the PhiX174/ 
Haelll size standard. 

as the product of the mouse neurofilament light peptide 
(Nfd locus (sequence coverage 32.4%). The I.M.A.G.E. 
cDNA clones were identified by blast homology searches 
against the EST database [31] at NCBl [32]. For each 
Albl and Nfl, a representative cDNA clone (I.M.A.G.E. 
clone 554173/IMAGp998h141333 for Albl and I.M.A.G.E. 
clone 735764/IMAGp998f041002 for Nfd was obtained 
from RZPD [27] and confirmed by sequence determina- 
tion. Genomic clones from Albl and Nflwere identified by 
hybridization of the respective cDNA probe against filter 
grids from a mouse BAC library (plates 1-504, corre- 
sponding to ten genome equivalents). The albumin cDNA 
detected 11 different BACs. Seven BAC clones were 
identified from the Nfl locus. Clones were confirmed by 
preparing Southern blots containing restricted clone DNA; 
these were subsequently probed with a labeled cDNA 
fragment from the Albl or Nflgenes (Fig. 3a, b). 

3.2 Mapping of mouse BAC clones on mouse 

To determine the position of Albl and Nfl on the physical 
map, IRS-PCR was performed on the BAC clones identi- 
fied (Fig. 3c). Four different IRS-PCR fragments could be 
distinguished at the Albl locus, whereas a single IRS- 
PCR fragment common to all Nfkderived BAC clones was 
observed. The fragments were hybridized against YAC 
pool filters that contained the IRS-PCR amplified pool 
products from libraries 910 and 917 (Whitehead I and 
II), and libraries 902 and 903 (ICRF I and 11). The 
MBAC239h3-900 probe from the Albl locus hybridized to 
13 independent YAC clones. Integration with the White- 
head Institute YAC contig data accessible through 
the World Wide Web [6] showed that three of these 
clones (WIBRy917c07308, WIBRy917d01393, and WI- 
BRy91703h434) had been placed into contig WC5.38 on 
mouse chromosome 5 (Fig. 4a). Each of these clones 
had been hit by microsatellite marker D5Mif367. The con- 
sensus map for mouse chromosome 5 assigns both 
DSMi1367 and Albl to Centimorgan position 50 on mouse 
chromosome 5 [33]. Our mapping result therefore is in ex- 
cellent agreement with the existing Albl gene mapping 
data. 

YACs through IRS-PCR 

Probe MBAC28e7-700 from the Nfl locus was hybrid- 
ized against a YAC pool filter and detected a total of 
eleven different YAC clones. Only a single clone 
(WIBRy917059417) provided a localization in contig 
WC14.25 on mouse chromosome 14 (Fig. 4b). However, 
five of the eleven YACs that were detected hybridized 
to probes derived from YAC clones included in contig 
WC14.25 (our unpublished results). Taken together, 
these data strongly point towards a location of Nfl in con- 
tig WC14.25. Included in this contig is marker D74Mi128 
which is placed at cM 28.5 on the consensus map [33]. 
This again perfectly matches the known position of Nfl at 
cM 28.5 on the consensus map. 

4 Discussion 

2-DE is a powerful tool in assessing changes in protein 
expression between different tissues, developmental 
stages and specimens derived from pathological condi- 
tions in comparison to control samples. Once a protein 
spot of interest has been identified to be derived from an 
unmapped gene, it is essential to know if this gene is a 
likely candidate gene for a locus of biomedical impor- 
tance, for which a chromosomal assignment has been re- 
ported, but which in the absence of a suitable candidate 
gene had not yet been studied on the molecular level. In 
order to provide this mapping information, a method is re- 
quired that is both fast, reliable, and highly precise. We 
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(4) 

Figure 4. Mapping of (a) Al67 to mouse chromosome 5 and (b) Nfl to mouse chromosome 14. IRS- 
PCR probes amplified from the respective BAC clones from Ah7 and Nfl are indicated. (1) Contig 
location according to Whitehead Institute data release [6]. (2) YAC clones detected by probes 
MBAC239h3-900 and MBAC26e7-700 relevant for the presented analysis. Each of the probes hybri- 
dized to additional YAC clones (see Section 3.2) which do not add further information to the analysis 
(not shown). (3) IRS fragments from indicated YAC clones that hybridize against YAC clones listed in 
column 2. These data are unpublished results of the Max-Planck-Institute mouse genome mapping 
project. (4) Physical map location of YAC clones in column 3 according to [S]. (5) Summary of the 
mapping result. Microsatellites D5Mit367 and D74Mif28 are located within the indicated contigs [6]. 
Centimorgan distances for microsatellite markers and genes are as displayed in the Chromosome 
Committee consensus maps [32]. Pgrn7, phosphoglucomutase 1; Kit, kit oncogene; Al67, albumin 1; 
Fgf5, fibroblast growth factor 5; Pde6, phosphodiesterase, B subunit; Tcra, T-cell receptor alpha 
chain; Clu clusterin; Nf/, neurofilament, light polypeptide; Gnrh, gonadotropin-releasing hormone. 

present such a approach exploiting the current efforts to 
produce a high-resolution physical map of the mouse ge- 
nome and which is able to provide a link between protein 
identification and gene mapping. 

For the purpose of demonstrating the feasibility of the pro- 
posed strategy, we chose the mouse genes Ah7 and Nfl 
that had previously been mapped to mouse chromo- 
somes 5 and 14, respectively. In both cases, experimen- 
tal results obtained were in perfect agreement with the 
consensus maps of the relevant mouse chromosomes. In 
general, a mapping result is considered correct if a probe 
hits more than two independent YAC clones that have 
been mapped into the same contig. Our strategy makes 
use of ongoing efforts to generate physical YAC-based 
maps and, as such, can currently be applied to a number 
of organisms, including human. The map positions deter- 
mined are highly precise at the resolution of a clone. The 
use of IRS-PCR provides both a cost-effective and effi- 
cient system for gene mapping, achieved by hybridization 
of cDNAs against BAC clones which can subsequently be 
used as the substrate for an IRS-PCR reaction. As each 
cDNA will hybridize against multiple BAC clones and the 

chance to recover an IRS fragment from a BAC is 50%, 
the majority of cDNAs will result in the recovery of at least 
a single IRS fragment from a cognate BAC. 

A possible pitfall can be the cross-hybridzation with se- 
quences on unrelated BAC clones that are homologous to 
the cDNA probe, for instance pseudogenes. This problem 
can be detected as follows. First, an unusually high num- 
ber of positive BAC clones in relation to the number of ge- 
nome equivalents screened indicates the abundance of 
related sequences in the genome. Second, Southern 
blots can be prepared from both BAC clones and genomic 
DNA to compare whether the cDNA probe produces a 
similar pattern of bands in DNA of both sources. Third, 
the mapping position determined can be validated by 
comparison with mapping data (if available) of corre- 
sponding orthologs in other species with respect to known 
synteny relationships [34]. 

The proportion of spots resolved by 2-DE that can be as- 
signed chromosomal map positions will directly reflect the 
number of proteins to which the corresponding genes can 
be identified, because this is the obvious prerequisite for 
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any mapping to be carried out. The mapping, as such, 
benefits from a complete-as-possible physical map. The 

YAC map of the mouse genome, though close to comple- 
tion, is still actively being worked on. The full impact 
therefore will only be realized once the contig map is fin- 
ished. At present, an unambiguous map position can be 
obtained for over 50% of the genes tested. 

Taken together, while proteins showing polymorphisms 

on 2-D electrophoresis gels can be mapped by genetic 
linkage analysis, the strategy presented here offers a way 
to map nonpolymorphic proteins from 2-DE gels on the 
physical map of mouse chromosomes. 

DNA sequencing was carried out at  the MPI-MG service 
unit. This work was supported by the Max-Planck-Gesell- 
schaft. 

Received October 10, 1998 

5 References 

[I] Klose. J.. Humangenetik 1975, 26, 21 1-243. 
[2] OFarrell, P. H.. J. Biol. Chem. 1975, 250,40074021. 
[3] Mann, M.. Trends Biochem. Sci. 1996, 21, 494495. 
141 Neubauer, G., King, A., Rappsilber. J.. Calvio. C., Watson, 

M.. Ajuh, P., Sleeman. J., Lamond, A., Mann, M., Nature 
Genet. 1998.20,46-53. 

[5] URL: http://www.ncbi.nlm.nih.gov/UniGeneNm-Chr/ 

[6] URL: http://carbon.wi.mit.edu:8000/cgi-bin/mouse/index 
[71 Green, E. D., Olson, M. V., Proc. Natl. Acad. Sci. USA 

[81 Nelson, D. L., Ledbetter, S. A., Corbo. L., Victoria, M. F., 
Ramirez-Solis. R., Webster, T. D., Ledbetter, D. H., Caskey, 
C. T., Proc. Natl. Acad. Sci. USA 1989. 86,6686-6690. 

[91 McCarthy. L., Hunter, K., Schalkwyk, L., Riba. L.. Anson, S., 
Mott, R.. Newell, W., Bruley. C., Bar, I., Ramu, E., Hous- 
man, D.. Cox. R., Lehrach. H., Proc. Natl. Acad. Sci. USA 

[lo] Hunter. K. W.. Ontiveros, S. D., Watson, M. L., Stanton, Jr., 
V. P., Gutierrez, P., Bhat, D., Rochelle, J.. Graw, S., Ton, 
C., Schalling, M., Aburatani, H., Brown. S. D. M., Seldin, M. 
F., Housman, D. E., Mamm. Genome 1994,5,597-607. 

1990,87,1213-1217. 

1995,92,5302-5306. 

[ i l l  Himmelbauer, H., Wederneyer, N., Haaf, T., Wanker. E. E., 
Schalkwyk. L. C., Lehrach, H., Mamm. Genome 1998, 9, 

[12] Mott, R., Grigoriev, A., Maier, E., Hoheisel. J., Lehrach, H.. 

[13] Chapman, V. M., Mouse News Lett. 1975,53,61. 
[I41 Hearne, C. M., McAleer, M. A,, Love, J. M., Aitman, T. J., 

Cornall, R. J., Ghosh, S., Knight, A. M., Prins, J. B., Todd, J. 
A., Mamm. Genome 1991, I, 273282. 

[151 Mattei. M. G., Duprey, P.. Li, 2. L.. Mattei, J. F., Paulin, D., 
Biol. Ce// 1989, 67, 235-237. 

[161 D'Eustachio, P.. Ingrarn, R. S., Tilghman, S. M., Ruddle, 
F. H., Somatic Cell. Genet. 1981, 7,289-294. 

[171 Klose, J.. in: Link, A. J. (Ed.), Methods in MolecularBiology, 
2-0 Proteome Analysis Protocols, Humana Press, Totowa 
1998, chapter 9. in press. 

[IS] Klose, J., Kobalz, U., Electrophoresis 1995, 16, 1034-1059. 
[19] Klose, J., in: Link, A. J. (Ed.), Methodsin MolecularBiology, 

26-31. 

Nucleic Acids Res. 1993, 21, 1965-1 974. 

2-0 Proteome Analysis Protocols. Humana Press, Tot&a 
1998, chapter 18, in press. 

Rosenfeld, J.. Capdevielle, J., Guillemot, J. C., Ferrara. P., 
Anal. Biochem. 1992,203,173-1 79. 
Shevchenko, A,, Wilrn, M., Vorm. O., Mann, M.. Anal. 
Chem. 1996,68,850-858. 
Vorm, O., Roepstorff, P., Mann, M., Anal. Chem. 1994, 66, 

Jensen, O., Podtelejnikov. A,, Mann, M., Rapid Commun. 
Mass Spectrom. 1996, 70,1371-1378. 
Gauss, C.. Kalkum, K., Lowe, M., Lehrach, H., Klose, J.. 
Electrophoresis 1999,20, 575-600. 
URL: http://www.ncbi.nlm.nih.gov/ 
URL: http://www.charite.de/humangenetik 
URL: http://www.rzpd.de/ 

Feinberg, A. P., Vogelstein, B. A.. Anal. Biochem. 1983, 

Church, G. M., Gilbert. W., Proc. Natl. Acad. Sci. USA 

Sambrook. J., Fritsch, E. F., Maniatis, T., Molecular Clon- 
ing, Cold Spring Harbor Laboratory Press, Cold Spring Har- 
bor 1989. 
Boguski. M. S.. Lowe. T. M., Tolstoshev, C. M., Nature 
Genet. 1993,4,332-333. 
http://www.ncbi.nlm.nih.gov/BLAST/ 
http://www.informatics.jax.org/bin/ccr/ 

DeBry, R. W., Seldin, M. F., Genomics 1996, 33,337-351. 

3281-3207. 

132,6-13. 

1984,81, 1991-1995. 



When citing this article, please refer to: Electrophoresis 1999, 20, 1033-1038 453 

Stanislav N. Naryzhny 
Vera V. Levina 
Elena Y. Varfolomeeva 
Eugeny A. Drobchenko 
Michael V. Filatov 

Petersburg Nuclear Physics 
Institute of Russian 
Academy of Sciences, 
Gatchina, Leningrad district, 
Russia 

Active dissociation of the fluorescent dye Hoechst 
33342 from DNA in a living cell: Who could do it? 

It is assumed that DNA in mammalian cells is a dynamic conformationally unstable sys- 
tem. This instability provides the cell with a mechanism for dissociating a large number 
of substances that bind tightly but not covalently to DNA. Among these is the fluores- 
cent dye Hoechst 33342, which binds to DNA in the minor groove. We have selected 
cell lines with a high capability for active dissociation of Hoechst 33342. Comparative 
protein analysis of these lines by means of two-dimensional (2-0) electrophoresis was 
performed. Cell and nuclear proteins were analyzed from these and normal strains. A 
few proteins with significantly changed quantities have been found. The preliminary 
search of the 2-0 database allowed us to identity some known and unknown cellular 
proteins that could participate in active dissociation of the dye from DNA. 

Keywords: DNA clearing / Mammalian cells /Two-dimensional polyacrylamide gel electrophore- 

sis I Hoechst 33342 EL 3404 

1 Introduction 

DNA in a eukaryotic cell is tightly packed in a highly or- 
ganized structure, chromatin. On the one hand this struc- 
ture allows a huge amount of genetic information to be 
stored, but on the other hand this information must be 
used. Numerous nuclear processes, including DNA repli- 
cation, DNA recombination, DNA repair, and transcrip- 
tion, must be correctly directed and not interfere with each 
other. It seems to us that chromatin has a system of 
housekeeping that actively removes substances tightly 
bound to DNA from the chromatin and thus prepares it for 
carrying out all life-supporting functions. The first evi- 
dence of such a possibility was presented by Smith, De- 
benham and Watson [l-31 who described a mutant line of 
L cells resistant to Hoechst 33342. This bisbenzimidazole 
dye is a typical example of substances that are tightly but 
not covalenly bound to DNA. Using a cytofluorimetric 
technique we analyzed this phenomenon in more detail. 
This process is energy-dependent and can be sup- 
pressed by topoisomerase-2 inhibitors and DNA breaks 
[4]. Moreover, it was shown that step-by-step selection of 
cells resistant to the dye leads to strains that much more 
effectively remove the dye. Thus we can envisage a cell 
protein system that alters the DNA conformation at dye 
binding sites. We refer to this process of removing dye 
and other molecules from DNA as “DNA clearing” [5, 61. 

Correspondence: Dr. Stanislav N. Naryzhny. Petersburg Nucle- 
ar Physics Institute of Russian Academy of Sciences, Gatchina. 
Leningrad district, 188350, Russia 
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Abbreviations: CHO, Chinese hamster fibroblasts; 2-ME, 2- 
mercaptoethanol 

Recent advances in 2-D PAGE, image analysis, protein 
sample handling, spot identification, together with algo- 
rithms for searching sequence databases, presents a 
great opportunity for the study of cellular proteins as an 
interrelated set of molecules, the proteome. Therefore, in 
a project to examine protein differences between cell lines 
differing in their ability to remove dye from DNA, we have 
conducted 2-D PAGE analysis of proteins from these 
lines. 

2 Materials and methods 

2.1 Materials 

Reagents for electrophoresis, Triton X-1 00, and NP-40 
were from Serva (Heidelberg, Germany), 2-mercaptoe- 
thanol (2-ME) from Ferak (Berlin, Germany), protease in- 
hibitors set from Boehringer Mannheim (Mannheim, Ger- 
many). Ampholines were from LKB (Uppsala, Sweden), 
and Bio-Lytes were from Bio-Rad (Uppsala, Sweden). Cy- 
tochrome c, aldolase, and catalase from Pharmacia-LKB 
(Uppsala, Sweden) were used as markers. Hoechst 
33342, novobiocin, elipticine, etoposide, and PMSF were 
from Sigma (St. Louis, MO, USA). 

2.2 Cells 

The strain of mouse L fibroblasts has been cultivated in 
the laboratory for more than 10 years. The strain of Chi- 
nese hamster fibroblasts (CHO AA8) was a gift from Prof. 
J. J. Huijmakers from Genetics Institute, Rotterdam, Hol- 
land. Cell cultures were grown in a mix of Eagle’s basal 
and 199 medium with 10% bovine serum. The method of 
step-by-step selection with increasing concentration of 
Hoechst 33342 was used for production of a set of 
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Hoechst 33342 resistant lines. A detailed description of 
the selection was published by [5, 61. The highly resistant 
strains used here were AABHoeR-7 in the case of AA8 
cells and LHoeR-3 in the case of L cells. Staining with 
Hoechst 33342 was performed by adding the dye at a 
nontoxic concentration (usually 2 pg/mL) directly to the 
medium. The dye was removed by repeated changing of 
the medium. Fluorescence was measured by a Bruker 
flow cytofluorometer (Bremen, Germany) with a mercury 
lamp used as the light source. 

2.3 Preparation of samples for electrophoresis 

Cells were cultured and harvested. The cells were count- 
ed, washed in 10 mM phosphate buffer with 0.15 M NaCI, 

and centrifuged at 1000 X g for 5 min. Crude nuclei were 
obtained by treating the pellet with the same buffer and 
with 0.1% Triton X-100. The cell or nuclear pellets were 
dissolved in 8 M urea, 2% Triton X-100, 1% 2-ME, 2 % 
carrier ampholytes (Ampholines 5-8), 1 mg/mL Pefablocm 
SC, 10 p g h L  leupeptin, 10 @ n L  pepstatin, 1 p g h L  
aprotinin. 

2.4 Two-dimensional gel electrophoresis 

Electrophoretic procedures were carried out using the 
previously described devices and technology according to 
a modified version of the O'Farrell procedure [7, 81. Sam- 
ples for IEF or NEPHGE (cell or crude nuclear lysate) 
were loaded in 50 1L (1 million cells). IEF was performed 

20 100 140 180 

Fluorescence, relative units 

W 100 140 180 
Fluorescence, relative units 

Figure 1. Elimination of Hoechst 
33342 from DNA in normal 
(AA8) and Hoechst 33342-re- 
sistant (AABHoeR-7) CHO cells. 
Flow cytofluorometric histo- 
grams of cells are represented. 
Intact cells in log phase of 
growth were stained in vivo with 
Hoechst 33342 (2 pg/mL) for 1 h 
at 37OC (light line) and then in- 
cubated in the dye-free growth 
medium (2 h, 37OC; bold line). 
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at 500 V for 18 h in 60 x 4 mm polyacrylamide (4%T, 
5%C) rod gels containing 9 M urea, 0.1 % NP-40, 2% Bio- 
Lyte (3-10). NEPHGE was performed according to O'Far- 
rell[9] using 20 mM NaOH as cathode and 10 mM HEPES 
as anode buffer. The same technique and reagents as for 
IEF were used: 9 M urea, 0.1% NP-40, 0.8% Ampholine 
(S), 0.2% Bio-Lyte (3-10) in 60 x 4 mm polyacrylamide 
(4%T, 5%C) rod gels. Fifty pL of each sample was loaded 
onto each tube gel, covered with 10 pL 4 M urea in 1% 2- 
ME and run from acidic to basic end with incremental volt- 
age (30 min at 300 V, 180 min at 600 V, 30 min at 900 V 
(total 2400 Vh). Following focusing, gels were equilibrated 
(20 min) in 5 mL of equilibration solution (60 mM Tris-HCI, 
pH 6.8, 1% SDS. 20 mM 2-ME. 10% glycerol) and applied 

Figure 2. Elimination of Hoechst 
33342 from DNA in normal (L) 
and Hoechst 33342-resistant 
(LHoeR-3) mouse cells. Flow 
cytofluorometric histograms of 
cells are represented. Intact 
cells in log phase of growth were 
stained in vivo with Hoechst 
33342 (2 pg/mL) for 1 h at 37OC 
(light line) and then incubated 
in the dye-free growth medium 
(2 h, 37OC; bold line). 

in pairs to the second dimension (12% SDS-PAGE) with 
the aid of hot 1 % agarose-containing equilibration solution 
and 0.001% bromophenol blue. Gels (9 x 14 cm) were 
run for 2 h at constant power at room temperature (100 V 
and 30 mA at start). Gels were stained with Coomassie 
Brilliant Blue or ammoniacal silver nitrate [lo]. 2-D images 
were analyzed by means of Bio Image" Intelligent Quanti- 
fier (Ann Arbor, MI, USA). 

3 Results and discussion 

Step-by-step selection of cell lines with the ability to grow 
in an increased concentration of Hoechst 33342 leads to 
the appearance of cell mutants actively removing the dye 
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Figure 3. 2-D electrophoresis (NEPHGE, SDS-PAGE) of protein lysates from normal cells (AA8) and CHO cells resistant 
to Hoechst 33342 (AA8HoeR-7). NEPHGE was performed using 20 mM NaOH as cathode and 10 mM HEPES as anode 
buffer. The same technique and reagents as for IEF were used: 9 M urea, 0.1% NP-40,0.8% Ampholine, pH 5-8, 0.2% Bio- 
Lyte. pH 3-10, in 60 x 4 mm polyacrylamide 4%T, 5 %C rod gels. Fifty WL of each sample was placed on each tube, cov- 
ered by 10 pL of 4 M urea in 1 % 2-ME and run from acidic to basic end with incremential voltage (30 min at 300 V, 180 min 
at 600 V, and 30 min at 900 V (total 2400 Vh). Second dimension: SDS-PAGE (12%). Staining with Coomassie blue. The 
main spots in which differences were revealed are marked by arrows. 

from DNA [5, 61. During the short incubation in a medium 
without the dye, the majority of bound Hoechst 33342 is 
effectively removed (Figs. 1, 2). As can be seen, cell lines 
permissive to Hoechst 33342 (AA8 and L, no growth at 
dye concentration more than 1 pg/mL) can remove no 
more than 50% of the dye in 2 h. Additional dissociation 
of the dye was not observed during a 24 h incubation peri- 
od. At the same time, the cell lines resistant to Hoechst 
33342 (AA8HoeR-7 and LHoeR-3, growth at the dye con- 
centration of more than 30 pg/mL) can effectively remove 
almost all of the bound dye in 2 h. Thus the previously de- 
scribed phenomenon of the ability of cells to actively elimi- 
nate Hoechst 33342 from DNA [ l ]  causes resistance to 
the dye's toxic action. Furthermore, the gradual change of 
this activity during cell selection points to the possibility of 
gene amplification, the typical phenomenon of permanent 
mammalian cell lines. 

In order to clarify the possibility of differences in proteome 
compositions of cell lines actively removing the dye from 
DNA or not, protein samples were analyzed by 2-D gel 
electrophoresis. Matching of spots in the p/ range from 4 
to 7 (2-D PAGE with IEF in first direction; data not shown) 
has not shown clear differences in protein expression lev- 
els. Therefore, NEPHGE was used for better resolution of 
alkaline proteins. A set of runs was performed to compare 
different cell lines. First, one pair of strains (AA8 and AA8- 
HoeR-7) was analyzed. Visual inspection of gels stained 
with Coomassie blue (about 200 protein spots) was per- 
formed and proteins with different level of expression 
were marked (Fig. 3). Second, another pair of cell lines 
(L and LHoeR-3) was treated (Fig. 4). Next, two sets of 
marked polypeptides were compared and several of the 
same changes were found. Further quantitative analysis 
was performed using the Bio Image Intelligent Quantifier. 
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Figure 4. 2-D electrophoresis of protein lysates from normal cells (L) and mouse CHO cells resistant to Hoechst 33342 
(LHoeR-3). Electrophoretic conditions are as in Fig. 3. The main spots in which differences were revealed are marked by 
arrows 

Such an analysis has revealed the most noticeable 
changes. Most surprising, they were a sharp reduction of 
the level of several proteins, p40 (40 kDa, p l  9), p48 
(48 kDa. pl8) and p80 (80 kDa, p17.5) in cells with a high 
ability to remove the dye. Another difference was in a 
splitting of a polypeptide with a molecular mass of 
170 kDa (pl7.5) in such a way that a more alkaline form 
appeared. Moreover, all these proteins have a nuclear lo- 
calization (Fig. 5). Thus, these polypeptides could be re- 
lated to DNA clearing. Preliminary identification of these 
polypeptides according to their positions on the 2-D map 
(SWISS-PROT) allow us to suggest than p40 could be a 
heat shock protein (HSP40) and p170 could belong to the 
helicase family. 

In spite of insufficient information concerning the real 
mechanisms of DNA clearing, it is tempting to propose an 
explanation of this phenomenon. Taking into account all 
data obtained, there are many reasons to suppose that 
the origin of the cell's ability to remove the dye and other 
substances from DNA is conformational. DNA in eukary- 
otic cells is highly packed and organized. All genetic proc- 

esses are accompanied by transient chromatin rearrange- 
ments. Thus we can imagine that DNA clearing is a 
manifestation of active conformational alterations of chro- 
matin (remodeling) which "shakes itself'' to be ready to 
carry out the necessary functions. Some proteins possibly 
involved in this process are seen on 2-D PAGE according 
to their significantly increased quantity in cell lines weakly 
removing Hoechst 33342 from DNA (p40, p48, p80; Figs. 
3 and 4). We conclude that DNA clearing is a complicated 
process which depends on chromatin structure and is 
mediated through the action of different protein systems. 

4 Concluding remarks 

We selected cell lines with high ability for active dissocia- 
tion of Hoechst 33342 from DNA. Proteome analysis by 
2-D PAGE was used for a comparative study of these dif- 
ferent cell lines. The data obtained allowed us to conclude 
that this process is carried out by -and depends on - cer- 
tain proteins, most likely participating in topological organ- 
ization of chromatin. 
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Figure 5. 2-D electrophoresis of crude nuclear proteins. Left, normal mouse cells (L); right, mouse cells resistant to 
Hoechst 33342 (LHoeR-3). Electrophoretic conditions are as in Fig. 3. Staining with silver. The main spots in which differen- 
ces were revealed are marked by arrows. 
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Two-dimensional gel analysis of protein 
expression in ovarian tumors shows a low 
degree of intratumoral heterogeneity 

The process of tumor progression leads to the emergence of multiple clones, and to 
the development of tumor heterogeneity. One approach to the study of the extent of 
such heterogeneity is to examine the expression of marker proteins in different tumor 
areas. Two-dimensional gel electrophoresis (2-DE) is a powerful tool for such studies, 
since the expression of a large number of polypeptide markers can be evaluated. In 
the present study, tumor cells were prepared from human ovarian tumors and analyzed 
by 2-DE and PDQUEST. As judged from the analysis of two different areas in each of 
nine ovarian tumors, the intratumoral variation in protein expression was low. In con- 
trast, large differences were observed when the protein profiles of different tumors 
were compared. The differences in gene expression between pairs of malignant carci- 
nomas were slightly larger than the differences observed between pairs of benign 
tumors. We conclude that 2-DE analysis of intratumoral heterogeneity in ovarian can- 
cer tissue indicates a low degree of heterogeneity. 

Keywords: Two-dimensional gel electrophoresis I Ovarian cancer I Tumor heterogeneity 
EL 331 6 

1 Introduction 

Tumors become heterogeneous as a consequence of tu- 
mor cell genetic instability [ l ] .  In a tumor, a Daministic se- 
lection pressure operates to select the fastest growing 
and most invasive tumor clone. At any given time, a pri- 
mary tumor will represent the sum of its competing 
clones. Clonal dominance has been shown to occur in 
some experimental models allowing a subpopulation of 
cells to overgrow the primary heterogeneous tumor and 
to metastasize [2]. From the literature, it is not clear 
whether tumors in general are extremely heterogeneous 
due to genetic instability, or relatively homogeneous due 
to overgrowth of dominant clones. Tumor heterogeneity 
has been studied by various methods. A number of stud- 
ies investigated DNA content, karyotypes, or loss of het- 
erozygosity at specific loci [3-51. In other studies, the ex- 
pression of various markers were investigated in different 
tumor areas [ H I .  We have previously used 2-DE analy- 
sis of tumor cell polypeptides to examine heterogeneity in 
gene expression between breast fibroadenomas and in- 
vasive ductal carcinomas [9]. By this approach we could 
compare the expression of a large number of gene prod- 
ucts in tumors and were able to demonstrate a high de- 
gree of diversity of polypeptide expression in malignant 
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breast tumors compared to benign fibroadenomas. Sev- 
eral large tumors allowed the examination of gene ex- 
pression in different areas of the tumor for intratumoral 
heterogeneity. Somewhat surprisingly, similar patterns of 
protein expression were observed in different areas of the 
same breast tumor. This observation suggested that large 
tumors are relatively homogeneous with regard to protein 
expression. 

In the present study we have examined tumor heteroge- 
neity in ovarian carcinoma. These tumors are often large 
and different areas can be examined by 2-DE. Benign tu- 
mors are of sufficient size to be examined, and we could 
therefore study tumor heterogeneity during malignant 
progression. Similar to our previous study, we report that 
different areas of the same primary tumors show similar 
protein profiles. lntertumor heterogeneity was large, how- 
ever, and showed relatively small differences between 
benign and malignant tumors. 

2 Materials and methods 

Twenty-six patients with ovarian tumors were analyzed. 
Fresh tumor tissues were collected shortly after resection 
at the central operation theater at the Karolinska hospital. 
All samples were first examined by a pathologist in order 
to obtain representative, viable, and nonnecrotic tumor 
tissue. One part of the tissue was used for preparation for 
2-DE and the adjacent tissue was formaiin-fixed and par- 
aff in-embedded for histological characterization. 
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2.1 Sample preparation 

All samples, described in Table 1, were obtained shortly 
after resection (within 40 min) and sample preparation 
and solubilization was performed essentially as previously 
described [ I  11. Briefly, tumor cells were collected from 
the cut surface of nonnecrotic tumor tissue by scraping 
with a sharp scalpel. Cells were collected in 2-5 mL of 
ice-cold RPMI-1640 medium containing 5% fetal calf se- 
rum and 0.2 mM phenylmethylsulfonyl fluoride/0.83 mM 
benzamidine. A metal filter with 0.5 mm pore size was 
used to remove tissue fragments and connective tissue. 
Cell suspensions were underlaid with 2 mL of ice-cold 
Percoll (54.7% in PBS) and centrifuged at 1000 x gfor 10 
min at +4OC. Cells at the interface were collected and 
washed twice with PBS. Parallel samples were prepared 
for histological and cytological examination. Extracts were 
then prepared for 2-DE analysis as described (1 11. 

2.2 Characterization of forrnalin-fixed 
specimens 

Histopathological characterization was carried out using 
hematoxylin-eosin-stained sections of formalin-fixed and 
paraffin-embedded specimens. Tumors were character- 
ized according to size, lymph node status, and metastasis 

Table 1. Clinical and histopathological characteristics of samples 

site. Histopathological typing was according to WHO cri- 
teria. The types of epithelial tumors included in the study 
are shown in Table 1. 

2.3 Cytochemtcal analysis 

Nuclear DNA content was assessed in all the specimens 
by image cytometric analysis of Feulgen-stained cells. 
Tumors with a single stemline in the normal diploid region 
(1.9~-2.1~) were classified as diploid and tumors with 
pronounced scattered DNA values exceeding the tetra- 
ploid region were classified as aneuploid [12]. 

2.4 2-D Electrophoresis 

2-DE was performed by standard procedures as previ- 
ously described [lo]. Resolyte (2%, pH 4-8; BDH, Poole, 
UK) were used for the first-dimensional isoelectric focus- 
ing, 10-1 3% linear gradient SDS-polyacrylamide gels 
were used in the second dimension. Gels were stained 
with silver nitrate as described by [13]. 

2.5 ldenttficatlon of polypeptides 

The identification of various polypeptide maps in 2-DE 
patterns has been described previously (101. Identification 

No. Sample Diagnosis/histologic Type Differentiation Size(cm) DNA Metastasis Age 

1 OC-14A 
2 oc-19 
3 OC-26 
4 OC-34 
5 OC-38 
6 OC-66B 
7 OC-82 
8 OC-21A 
9 OC-39A 

10 OC-46 
11 OC-50 
12 OC-59A 
13 OC-68A 
14 OC-72B 
15 OC-77A 
16 OC-04B 
17 OC-06 
18 OC-07B 
19 OC-08 
20 OC-09B 
21 OC-33B 
22 OC-40L 
23 OC-43B 
24 OC-45B 
25 OC-48B 
26 OC-84B 

Serous cystadenoma IA 
Serous cystadenoma IA 
Mucinous cystadenoma IIA 
Serous cystadenoma IA 
Serous cystadenoma IA 
Serous cystadenoma IA 
Cystadenofibroma 
Borderline mucinous 118 
Borderline seropapillary IB 
Borderline seropapillary IB 
Borderline seropapillary IB 
Borderline rnucinous llB 
Borderline mucinous llB 
Borderline serous 
Borderline serous 
Mixed tumor 
Clear cell tumor (IVC) 
Sero papillary ADC(IC) 
Sero papillary ADC(IC) 
Sero papillary ADC(IC) 
Endometrioid Ca lllC 
Bil adenocarcinoma 
Bil seropapillary IC 
Endometrioid Ca lllC 
Sero papillary IC 
Clear cell tumor (IVC) 

Implantation metastasis 

Noninfiltrative 
Noninfiltrative 
Borderline mucinous 118 

Metastasizing 
Medium/high differentiation adinoca 
Low differentiation adenoca 
Low differentiation adenoca 
Low differentiation adenoca 
Mediudhigh differentiation adenoca 
Low differentiation adenoca 
Low differentiation adenoca 
Low differentiation adenoca 
Mediumlhigh differentiation adenoca 

14 
8 

15 D -  
15 D+T - 
9 

19 D+T 
13 D+T Omentum 

D+T 
10 
19 D+T - 
20 A Omentum 

25 A Omentum 

8 A Appendix 
9 A Omentum 
8 A Omentum 

10 A -  

16 D+T - 
A -  

12 A -  
7 A Adnexia 

12 A -  
Medium/high differentiation adenoca 7 A -  

75 
52 
49 
65 
68 

73 
84 
44 
44 
54 

80 
76 
81 
55 
78 
51 
64 
72 
51 
78 
61 
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Blot; Pharmacia Biotech AB, Uppsala, Sweden) and ECL 
detection (Amersham, Aylesbury, UK). 

2.6 Gel scanning and image analysis 

2-DE wet gels were scanned after silver staining at 
100 km resolution (12 bits/pixel) using a Molecular Dy- 

was performed by matching with published maps, ex- 
changing samples with other investigators, or by coelec- 
trophoresis of purified proteins, and by mass spectro- 
metry. Proliferating cell nuclear antigen (PCNA) was iden- 
tified by immunoblotting (PC10 mAB; Dakopatt, Glostrup, 
Denmark) using a semi-dry system (MultiPhor 11 Nova 

Figure 1. 2-DE analysis of ovarian carcinoma: (A) be- 
nign; (6) borderline; (C) malignant tumors. Some poly- 
peptides of known identity are indicated: HSP (heat shock 
proteins), EF (elongation factor), PCNA (proliferating cell 
nuclear antigen), TM (tropomyosin), GST (glutathione 
Stransferase), TPI (triose phosphate isomerase), OP18 
(oncoprotein 18). 
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namics (Palo Alto, CA, USA) laser densitometer. Data 
was analyzed using PDQuestTM software on a SUN 
SPARC 5 station (141 purchased from Pharmacia Biotech. 
Background was subtracted, peaks for the protein spots 
located and counted. The individual polypeptide quanti- 
ties were expressed as PPM of the total integrated optical 
density. The total spot counts and the total optical density 
is directly related to the total protein concentration. 
An “identification reference pattern” was constructed 
(“matchset”). Gel matching was performed with image 
analysis software PDQuest. At least two or more gels 
were matched together by picking the best gel as the 
reference gel and subsequently matching each gel in the 
matchset to the reference gel. Several known proteins 
were used as landmarks to facilitate rapid and better gel 
matching. One general match set was made containing 
all the cases for effective intertumor comparisons, while 
three separate matchsets were made for benign, border- 
line and malignant tumors. Several additional matchsets 
were made for paitwise comparisons of preparations from 
two separate areas of the same lesion and preparations 
from the same sample run at two separate occasions. 

2.7 Sample selection for pairwise analysis 

Pailwise comparison of the intensity of multiple spots was 
performed using the PDOuest program as described pre- 
viously [9]. Because the total optical density is directly re- 
lated to the total protein concentration, minor differences 
in gel loading and silver staining may affect sample com- 
parisons. Therefore, the selection of samples for pairwise 
matching and correlation analysis were based on the fol- 
lowing criteria: (i) very similar total spot counts and similar 
total optical densities for each pair of gels, (ii) a gel seg- 
ment of 75 x 50 mm in the molecular mass region of 
35-70 kDa and p l  range between 5-6.5, and (iii) no differ- 
ences greater than 4%, neither in total spot numbers nor 
in total optical densities for any pair of gels. 

3 Results 

3.1 Analysis of the degree of similarity in 
polypeptide expression by calculation 
of correlation coefficients 

Cells were prepared from fresh ovarian surgical speci- 
mens and washed free of serum proteins. Extracts were 
prepared and analyzed by 2-DE for their expression of 
multiple polypeptides. Histological and cytological con- 
trols of all cases were performed to ensure sample repre- 
sentation. Between 700-1 100 spotslgel were obtained 
after silver staining (Fig. 1A-C). A sample set of approxi- 
mately 400 gel spots was quantified from each gel, and 
used in pairwise comparisons with other gels. The repro- 
ducibility of the analysis and the degree of heterogeneity 
in polypeptide expression was evaluated by comparing 
the intensity of all matched spots between 2-DE gels and 
calculating the correlation coefficient [9]. A correlation co- 
efficient was obtained by comparisons of the optical den- 
sities of the same spots in two gels. A correlation coeffi- 
cient of one shows that the two gels being compared are 
identical with regard to matched spots. An important as- 
pect of this work is reproducibility. A number of samples 
were analyzed on more than one occasion and the differ- 
ence in the protein profiles from the resulting gels was 
determined. The average correlation coefficient of the to- 
tal optical densities of all matched spots was 0.90 (n = 8 
gel pairs; examples of the analysis of two pairs of gels are 
shown in Fig. 2A, B). 

3.2 lntratumoral variations 

For nine tumors, more than one sample could be ob- 
tained. The various samples were collected from distinct, 
separate sites. Examples of the analysis of two tumors 
are presented in Fig. 2C and D (showing correlation coef- 
ficients of 0.89 and 0.87, respectively). The average cor- 

Table 2. Correlation analysis of 2-DE of preparations from same sample on more than one 
occasion 

No. Sample Diagnosis Spots/ Matched Matched Correlation DNA 
segment spots(n) spots(%) coefficient(r) ploidy 

1 OC66B BenignlA 200/200 194 97 0.89 D 
2 OC26 BenignIA 241/242 236 98 0.89 D 
3 OC82 Benign IA 1471147 147 100 0.91 D 
4 OC72B Borderline IB 238/244 234 97 0.90 DIT 
5 OC21A Borderline llB 336/348 336 98 0.89 DIT 
6 OC04B Malignant IC 3871387 387 100 0.94 A 
7 OC07B MalignantIC 418/405 400 97 0.89 A 
8 OC40L Malignant IC 206/206 206 100 0.88 A 

Mean = 0.90 
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Figure 2. Scatterplots showing the correlation of expression levels of matched proteins in pairs of 2-DE gels (where each 
small dot represents the expression of one polypeptide in one gel). (A) and (6) methodological reproducibility of two sam- 
ples (the same samples analyzed at two different occasions); (C) and (D) intratumor variation in tumors; (E) and (F) intertu- 
mor variations among benign tumors; (G) and (H) intertumor variations among malignant tumors. 

relation coefficient was 0.85 for the nine pairs of gels rep- 
resenting two different areas of the same tumor. 

3.3 lntertumor variations 
When tumors from different individuals were compared, 
we observed a larger degree of heterogeneity using pair- 

wise comparisons. The results of the analysis of two be- 
nign tumors and two malignant tumors are shown in Fig. 
2E, F and 2G, H, respectively. Seven benign tumors, one 
mucinous and six serous cystadenomas, were examined. 
Ten pairwise comparisons were made and the average 
correlation coefficient was 0.61 (0.54472). Eight border- 
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line tumors (5 serous and 3 mucinous) were examined. 
All but one tumor showed both diploid and tetraploid (DIT) 
DNA distributions (Table 1). The mean correlation coeffi- 
cient from 13 gel pairs was 0.57. Eleven invasive carcino- 
mas (6 seropapillary adenocarcinomas, 2 clear cell tu- 
mors, 2 endometrioid tumors and 1 mixed tumor) were 
examined. All tumors were aneuploid with varying de- 
grees of differentiation, except one endometrioid tumor 
(OC-338) with both diploid and tetraploid (DIT) DNA dis- 
tribution. Comparisons between pairs of aneuploid ovari- 
an carcinomas showed an average correlation coefficient 
of 0.54 (n = 35 gel pairs). Pairs of low differentiated tu- 
mors showed a larger degree of heterogeneity ( r  = 0.53) 
than pairs of highly differentiated tumors ( r  = 0.59). This 
difference was not statistically significant. Similarly, no 
significant difference in heterogeneity was observed 
among poorly differentiated and highly differentiated 
aneuploid carcinomas. 

3.4 Analysis of the degree of similarity in 
polypeptide expression by calculation of 
the fraction of matched spots 

In 2-DE analyses, a varying number of spots will not be 
present on one of the gels in a pair, and can therefore not 
be matched. The fraction of matched spots was found to 
be lower when pairs of gels from malignant tumors were 

compared (52%) as opposed to borderline (59%) and be- 
nign tumors (64%). Each tumor was assigned with an in- 
dex of the fraction of matched spots and correlation coef- 
ficient (Fig. 3). A remarkable similarity between the 
values of the correlation coefficient of matched spots and 
the fraction of matched spots was observed (Fig. 4). Both 
parameters were lower in malignant tumors compared to 
benign. 

4 Discussion 

We have analyzed both qualitative and quantitative elec- 
trophoretic data to assess tumor heterogeneity in ovarian 
carcinomas. Our results showed similar patterns of gene 
expression in separate areas of the same tumor. The 
average correlation coefficient from nine pairs of samples 
was 0.85, which is only slightly lower than the methodo- 
logical variation (showing an average correlation coeff i- 
cient of 0.90). In a previous study [9], we showed that the 
protein profiles from different areas of two breast carcino- 
mas were very similar (correlation coefficient of 0.81); 
consistent with the present data. The finding of similar 
patterns of gene expression in different areas of carcino- 
mas is of general interest, since it implies that ovarian tu- 
mors are more homogeneous than might have been ex- 
pected. A possible explanation for this homogeneity could 
be that tumors that have reached a size making them 

Table 3. Correlation analysis of 2-DE of preparations from separate areas A and B of the 
same lesion 

No. Sample Diagnosis Spots1 
segment 

Matched 
spots(n) 

Matched 
spots(%) 

OC14AB Benign IA 
OC66AB Benign IA 
OC72AB Borderline IB 
OC39AB Borderline IB 
OC59AB Borderline IB 
OC68AB Borderline IB 
OC48AB Malignant IC 
OC84AB Malignant IC 
OC45AB Malignant IC 

2181221 
2451238 
3091309 
2901286 
17211 73 
2541246 
2001200 
13011 30 
2561234 

206 
238 
309 
285 
172 
238 
200 
130 
234 

94 
98 
100 
99 
100 
95 
100 
100 
96 

Correlation 
coeff icient(r) 

0.80 
0.89 
0.89 
0.84 
0.87 
0.81 
0.86 
0.82 
0.87 

DNA 
ploidy 

D 
D 
DIT 
DIT 
DIT 
DIT 
A 
A 
A 

Mean = 0.85 

Table 4. Correlation analysis of 2-DE of same and different sample preparations 

Sample Correlation f SD YO 

coefficient(r) cv N 

Preparations from same sample on more than one occasion 0.90 0.02 2.1 8 pairs 
Preparations from 2 separate areas, A and 8, of the same lesion 0.85 0.03 3.9 9 pairs 
Group correlation among benign cases 0.61 0.07 11 10 pairs 
Group correlation among borderline cases 0.57 0.10 17 13 pairs 
Group correlation among malignant cases 0.54 0.05 10 35 pairs 
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Figure 3. Graphical presentation of in- 
tertumor and intratumor variations 
showing the fraction of matched spots 
and correlation coefficients of matched 
spots. Benign tumors: black rings; bor- 
derline tumors: grey squares: malignant 
tumors: open triangles; duplicate runs: 

0 20 0 80 80 IW 120 open rings; separate areas of same 
sample: black diamonds. 
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Figure 4. Relatedness of the fraction of matched spots and correlation coefficients of matched spots. 
Note that both the average number of matched spots and the average correlation coefficient is higher 
in benign compared to malignant tumors, showing that both parameters of homogeneity decrease 
during tumor progression. 

amenable to 2-DE analysis have become relatively homo- 
geneous due to overgrowth by a dominating clone. There 
are several reports in the literature of such overgrowth [2, 
5, 151. 

A number of investigators have presented evidence favor- 
ing large tumor heterogeneity. Orndal et a/. [3] detected 
cytogenetic heterogeneity in about 29% of soft tumors 
with more than one cell clone. Tumors have been found 
to be composed of mixed subpopulations of both diploid 
and aneuploid clones in breast tumors [16], ovarian tu- 
mors [17] and in bladder carcinomas [18]. The degree of 
intertumor heterogeneity was substantial, compared with 
intratumoral variations. With regard to the correlation co- 
efficient of matched spots, an r-value of 0.50 is similar to 
that observed when two different tumor types (lung and 

colon) are examined. Our results showed that malignant 
ovarian tumors are relatively more heterogeneous than 
benign tumors with average correlation coefficients of 
0.54 and 0.61, respectively. There was no significant var- 
iation among pairs of different histologic subtypes 
compared with pairs of gels from tumors with the same 
histology. The significance of this finding is unclear. 

Tumor heterogeneity has a significant clinical implication 
in the choice of therapy. Kern eta/. [19] examined the re- 
lationship between tumor heterogeneity and drug resist- 
ance. He reported that the majority of primary ovarian car- 
cinomas and their corresponding metastases have similar 
resistance properties against cisplatin and doxorubicin. 
Our previous result on correlation between primary tu- 
mors (0.81) and corresponding metastasis (0.79) indicat- 
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ed that both have similar dominating cell populations [9]. 
Most malignant solid tumors are heterogeneous as re- 
flected by differences in tumor morphology, genomic in- 
stability, degree of invasiveness as well as sensitivity to 
therapy. Previous studies have used immunohistological, 
antigenic expression changes and DNA ploidy to study 
heterogeneity in various malignant tumors. Polypeptide 
expression profile may be an effective tool to study tumor 
heterogeneity and may help to establish a more precise 
diagnosis and provide useful information to therapy sensi- 
tivity. 
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The analysis of S100A9 and S100A8 expression 
in matched sets of macroscopically normal colon 
mucosa and colorectal carcinoma: The S100A9 
and S100A8 positive cells underlie and invade 
tumor mass 

The expression of calcium-binding protein S100A9 was investigated in 23 matched 
sets of colorectal carcinoma and normal colon mucosa using two-dimensional gel elec- 
trophoresis. We found that, from a group of 23 patients, the level of S100A9 protein, in 
comparison with matched normal colon mucosa, was significantly increased in malig- 
nant tissues of 16 patients (70%). Furthermore, an additional protein, identified by 
matrix-assisted laser desorptionlionization - mass spectrometry (MALDI-MS) as 
S100A8, exhibited an increased expression in the same specimens of malignant tis- 
sues as the S100A9 protein. The immunohistological analysis revealed the accumula- 
tion of S100A9 positive cells, macrophages and polymorphonuclear leukocytes along 
the invasive margin of colorectal carcinoma. The S100A8 protein was found to be pro- 
duced in the same location. The possible participation of both proteins and, especially, 
its heterodimeric complex calprotectin in colorectal carcinoma regression could be 
taken into account. 

Keywords: Two-dimensional gel electrophoresis / S100 protein family / Colon cancer EL 3319 

The urgent need for very early and specific detection of 
colorectal carcinoma reflects the current situation regard- 
ing both the incidence of this disease and the approaches 
used for its diagnosis. As for the former, colorectal carci- 
noma, among other malignant diseases, occupies the first 
position in the incidence as well as mortality in men in the 
Czech Republic. Globally, this type of cancer is the third 
most common malignancy in the world [ l ] .  The routine 
screening for colorectal carcinoma which involves colono- 
scopic examination and fecal occult blood testing is not 
very effective; hence, colorectal carcinoma is often diag- 
nosed in an advanced stage with bad prognosis for suc- 
cessful treatment [2]. The most powerful strategies ex- 
ploited for the identification of new useful markers of 
colorectal tumorigenesis are based either on searching 
for differentially expressed genes at the RNA level [3] or 
on the subtractive analyses of protein patterns of normal 
and transformed cells [4]. Recently, we used subtractive 
2-DE to compare protein patterns of normal, preneoplas- 
tic, and neoplastic colon mucosa in order to detect the 
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proteins whose expression is associated with malignant 
transformation of colon mucosa. With this approach, 
S100A9 protein, a member fo the 3 0 0  calcium-binding 
protein family, was found to be overexpressed in preneo- 
plastic and neoplastic colon mucosa [5]. The S100A9 pro- 
tein, formerly called calgranulin B, MRP 14, or LI heavy 
chain, is a protein of about 13 kDa that can occur in three 
different charge isoforms depending on the level of its 
phosphorylation [6]. This protein is found predominantly 
in the cytosol but it can be also expressed on the cell sur- 
face or even secreted into the surroundings. The best 
characterized intracellular function proposed for S100A9 
is that of inhibition of casein kinase II, resulting in the reg- 
ulation of normal cellular transcription and translation. 
The possible extracellular functions assigned to S100A9 
protein include chemotactic activity on the one hand and 
cytotoxic/cytostatic activities against bacteria, fungi, and 
tumor cells on the other hand [7]. The S100A9’s suppres- 
sive effect on cell growth can also be achieved with puri- 
fied S100A8 protein, formerly MRP8, or with the S100A91 
S100A8 heterocomplex, called calprotectin [El. The aim 
of this study was to confirm and extend our recent find- 
ings concerning the differential expression of S100A9 
protein between normal and neoplastic colon mucosa 
comparing the sets of human colorectal carcinoma with 
those of normal colon mucosa. Furthermore, we followed 
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Edited by Michael J Dunn 

copyrigh 0 WILEY-VCH Verlag GmbH, 2000 
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the immunohistochemical distribution of S100A9 protein 
in routine biopsies of colorectal carcinoma with sufficiently 
wide perilesional mucosa to find the cell source of 
S100A9 protein and the location of its accumulation in 
tumor tissue. 

The samples analyzed by 2-DE consisted of 23 matched 
sets of colorectal carcinomas and normal colon mucosa. 
The sample size was large enough to exclude that the ob- 
served difference in the proportion of positive cases is 
caused by chance. Tissue specimens were obtained with- 
in 30 min after surgical resection. Nonnecrotic tumor tis- 
sues and control mucosa samples that were taken from 
each patient at 5-10 cm from tumor mass were immedi- 
ately homogenized in two volumes of 9.0 M urea lysis buf- 
fer (9.0 M urea, 2.0% Triton X-100, 3.0% CHAPS, 70 mM 
DTT and 2% carrier ampholytes), centrifuged at 15 000 x 
gfor 5 min and subsequently stored at -80°C. The protein 
concentration was determined by the modified bicincho- 
ninic acid (BCA) method [9]. Established procedures for 
2-DE separation and silver staining were used [5]. For the 
first dimension a nonlinear immobilized pH 3-10 gradient 

(Pharmacia-Biotech, Uppsala, Sweden) was utilized. The 
IPG strips were swollen by rehydration buffer containing 
2 M thiourea, 7 M urea, 4% CHAPS, 0.5% Triton X-100, 
0.4% Pharmalytes 3-10 and 10 mM DTT [lo]. A protein 
amount of 200 pg was loaded on lmmobiline strips. For 
the second dimension the proteins were separated by 
SDS-PAGE in a 9-16% linear polyacrylamide gradient. 
The isoelectric points and molecular weights of individual 
proteins were approximated using polypeptide 2-D SDS- 
PAGE standards (Bio-Rad, Richmond, CA, USA). Silver- 
stained gels were scanned using a laser densitometer 
(4000 x 5000 pixels, 12 bits/pixel; Molecular Dynamics, 
Palo Alto, USA) which generated 30 megabyte images. 
This scanner was linked to a SunSparc s-s20 workstation 
(Sun Microsystems, Mountain View, CA, USA). The 2-DE 
image computer analysis was carried out using the Mela- 
nie II package (Bio-Rad). The S100A9 and S100A8 pro- 
teins were identified by peptide mass fingerprinting. Ami- 
do black-stained spots on nitrocellulose were digested by 
trypsin (S.  Lamer eta/., in preparation). The peptide mix 
was measured together with a-cyano-4-hydroxycinnamic 
acid by MALDI-MS (Voyager Elite; Perseptive, Framing- 

f 

64) 
I 

am0 

Figure 1. Peptide mass fingerprint of spot 1 (tentative S100A9) obtained by MALDI-MS. Peaks marked with mass values 
correspond to peptides from S100A9. 
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ham, MA, USA). The resulting peptide mass fingerprint 
was double-internally calibrated (P. R. Jungblut et a/., in 
preparation) and searched in the NCBl sequence data- 
base with the help of MS-FIT (http://prospector.ucsf.edu/ 
ucsfbin/msfit.cgi). For immunohistochemical studies, 
4 pm tissue sections were cut from 16 formalin-fixed, par- 
affin-embedded blocks and examined for S100A9, 
S100A8 and CD68 expression using the standard peroxi- 
dase technique. After blocking for 20 min, tissue sections 
were incubated with individual mouse monoclonal anti- 
bodies (anti-human S100A8, anti-human S100A9 from 
BMA Biomedicals AG, Basel, Switzerland; and anti-hu- 
man CD68 from Zymed Laboratories, San Francisco, CA, 
USA) for 24 h at 4OC, and washed three times in phos- 
phate-buffered saline (PBS, pH 7.2). The slides were then 
incubated with horseradish peroxidase-coupled, anti- 
mouse antibody (Sigma, Prague, Czech Republic) for 45 
min at 37OC. Excess antibody was washed off with PBS. 
Finally, 0.05% 3,3-diaminobenzidine tetrahydrochloride 
chromogen solution (Sigma, Prague, Czech Republic) in 

Figure 2. Silver-stained regions of 2-DE 
maps of matched normal and malignant 
tissues of 8 selected patients. N, normal 
control tissue; T, colorectal carcinoma. 
(1) Colon adenocarcinoma Dukes C; (2) 
colon adenocarcinoma Duke's B; (3) co- 
lon adenocarcinoma Duke's 8; (4) colon 
adenocarcinoma Duke's C; (5) colon 
adenocarcinoma Duke's B; (6) colon ad- 
enocarcinoma Duke's C; (7) colon ade- 
nocarcinoma Duke's B; (8) colon adeno- 
carcinoma Duke's B. Arrows indicate 
S100A9 position; arrowheads indicate 
the expected location of S100A8. HBB, 
hemoglobin 0-chain. 

PBS containing 0.02% hydrogen peroxide was added for 
10 min, at room temperature, to visualize the formed anti- 
gen-antibody complex. For the detection of polymorpho- 
nuclear leukocytes (PMN), chloroacetate esterase stain- 
ing was used. The staining intensity was scored using 
computerized image analysis (Lucia M software, Version 
3.00; Laboratory Imaging, Prague, Czech Republic). The 
density of S100A9 and SlOOA8 staining was measured 
for each antibody in six different locations of each biopsy 
(area, 10 000 pixels; original magnification x 125) select- 
ed from the central part of the tumor and the margin of 
tumor. The acquired values were used for statistical anal- 
ysis. Negative staining controls were obtained by incubat- 
ing with normal mouse serum purchased from Dako. 
Comparison between two characteristics was assessed 
using a nonpaired Student T-test. Relationships were 
considered statistically significant when p < 0.05. The 
samples of colorectal carcinomas for both electrophoretic 
as well as immunohistochemical studies were collected 
from various locations in the colon (right, transverse, and 
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Figure 3. Peptide mass fingerprint of spot 2 (tentative S100A8) obtained by MALDI-MS. Peaks marked with mass values 
correspond to peptides from S100A8. 

left colon) and were staged according to Duke’s classifica- 
tion. None of the patients in this group was receiving any 
drug therapy. 

In our previous study we demonstrated, compared to nor- 
mal colon mucosa, the upregulation of S100A9 protein in 
12 of the 15 analyzed samples of colorectal carcinomas. 
However, the following 2-DE analyses of chronically in- 
flamed colon mucosa also documented the high S100A9 
expression in patients with Crohn’s disease and ulcerative 
colitis (51. Hence, the specificity of tumor-associated 
S100A9 expression needed further investigation. In this 
study we examined the S100A9 expression in 23 speci- 
mens of identical cancerhormal pairs. Furthermore, to 
obtain more proteins on 2-DE maps, thiourea-containing 
buffer [ lo] that improves protein solubilization was ap- 
plied. However, the utilization of this new type of rehydra- 
tion buffer changed our 2-DE patterns of colon mucosa. 
We were not able to overlap precisley these new 2-DE 
gels with the images of previous gels [5] and, additionally, 
it was also impossible to compare our results with the 
reference maps of colon carcinoma cells available on the 
Internet (ExPASy molecular biology server or 2-DE gel 

protein database of colon carcinoma cell line LIM 1215). 
Therefore, we used MALDI-MS to verify the S100A9 posi- 
tion on our 2-DE. The peptide mass fingerprint of the spot, 
which occurred in the expected position of S100A9, 
matched with 13 (all major peaks; Fig. 1) of 19 masses 
and a sequence coverage of 75% with calcium-binding 
protein S100A9. Comparing 2-DE protein patterns of 
“macroscopically” normal tumor-adjacent tissues with 
neoplastic colon mucosa we observed that from the group 
of 23 patients the level of S100A9 protein was significant- 
ly increased in malignant tissues collected from 16 pa- 
tients (70%; Fig. 2). There was no relationship between 
the disease severity and the S100A9 overexpression be- 
cause the S100A9 positive samples were nearly evenly 
distributed among groups 6 (n  = 7 cases), C ( n  = 5 cases) 
and D (n = 4 cases) of Duke’s classification. In the re- 
maining seven patients, either similar levels of S100A9 
protein (5 tumors: 4 were in Duke’s B and 1 in Duke’s C) 
were detected in matched norrnaVmalignant pairs, or (in 2 
patients; tumors in Duke’s D stage) an even higher 
amount of S100A9 protein in normal tumor-adjacent tis- 
sue compared to matched malignant tissue was found 
(unpublished observation). These findings are in contrast 
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with our previous results describing the lack of or only 
weak S100A9 expression in normal colon mucosa [5]. 
However, this discrepancy could be explained by the po- 
tential difference between control samples that were used 
before, and which were collected from patients who were 
examined for gastrointestinal bleeding but were found to 
have normal colonic mucosa, and macroscopically normal 
tumor-adjacent tissue used as control material now. Fur- 
thermore, there was an additional protein whose level 
changed in malignant tissues in the same way as the 
S100A9 (Fig. 2). This protein had approximate values of 
both molecular mass (10 kDa) and p l  (6.7) close to the 
parameters of the SlOOA8 protein. As was mentioned 
above, S100A8 forms a protein heterodimer, called cal- 
protectin, with S100A9 [7], and fecal calprotectin was re- 
cently suggested as a new stool marker for diagnosis of 
colorectal carcinoma, which should be less erratic than 
bleeding [ l  1 , 121. The identity of this spot was also proved 
by MALDI-MS. In this case, the resulting peptide mass 

fingerprint matched with 14 (all major peaks; Fig. 3) of 21 
masses and a sequence coverage of 97% with calcium- 
binding protein S100A8. 

Next, we followed the immunohistochemical distribution 
of S100A9 protein in formaline-fixed biopsy material in or- 
der to find any difference either in cell origin or S100A9 
accumulation between neoplastic and inflammatory con- 
ditions. When we examined the biopsies containing only a 
central part of the tumor mass we observed a diffuse 
S100A9 staining that was dependent on the extent and 
composition of inflammatory infiltrate (Fig. 2a). Nearly the 
same picture was obtained for normal colon mucosa (Fig. 
2b) and Crohn's disease with moderate disease activity 
(Fig. 29). However, when the biopsies of colorectal carci- 
noma with wide perilesional mucosa was examined, then 
the high staining intensity of S100A9 protein along the in- 
vasive margin of carcinoma with some S100A9 positive 
cells infiltrating the tumor mass was found (Fig. 2b, c). 
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This S100A9 accumulation was statistically significant for 
15 of 16 examined cases (Fig. 5a). The biopsies involved 
11 specimens that were analyzed in parallel by 2-DE and 
four discordant cases were detected between the two 
methods. These four specimens showed either similar ex- 
pression of S100A9 in both normal tissue and carcinoma, 
or an even higher level in normal colon mucosa, but the 
tumor had a stronger marginal S100A9 expression than 
the normal mucosa by immunohistochemistry. As a possi- 
ble explanation of this difference the lack of this boundary 
area in resected pieces of tumor tissue used for 2-DE 
analyses could be considered. We also determined the 
cell origin of S100A9 in neoplastic colon mucosa. It is 
known that this protein is abundant in circulating human 
neutrophils and monocytes [7]: therefore, we performed 
both immunohistochemical detection of CD68 antigen that 
should reside preferentially in cytoplasm of macrophage- 
lineage cells and chloroacetate esterase staining of poly- 
morphonuclear leucocytes (PMNs). As can be seen from 
Fig. 2d and e, both types of cells occur to a different ex- 

Figure 4. Detection of S100A9, S100A8, CD68 by immu- 
nohistochemistry and chloroacetate esterase staining of 
PMNs. (A) S100A9 detection, central part of tumor, 
Duke's B; (B) S100A9 detection, transitional area; on the 
left side, neoplastic tissue (Duke's C); on the right side, 
normal colon mucosa; (C) S100A9 detection, invasive 
margin of tumor tissue, Duke's B; (D) CD68 detection, in- 
vasive margin of tumor tissue, Duke's B; (E) PMNs chlor- 
oacetate esterase staining, invasive margin of tumor tis- 
sue, Duke's 8; (F) S100A8 detection, invasive margin of 
tumor tissue, Duke's B; (G) S100A9 detection, Crohn's 
disease, moderate disease activity. Tissues were coun- 
terstained with hematoxylin-eosin, magnification x 100 
(A, B) or x 40 (C, D, E, F, G); sections A, C, D, E, F are 
from the same patient. 

tent in the area with the maximal S100A9 positivity: 
hence, they all contribute to S100A9 production. Finally, 
we also searched for the S100A8 expression directly in 
bioptic specimens. Figure 2f shows that S100A8 co-local- 
ized with S100A9 in the marginal part of the tumor lesion. 
Likewise, in S100A9 accumulation in tumor tissue the 
statistical analysis showed a significant difference in the 
expression of S100A8 between the marginal and central 
part of colorectal carcinoma in 15 of 16 cases (Fig. 5b). 
The findings of S100A9 and S100A8 positive macro- 
phage and PMNs which underlie and invade colorectal 
carcinoma are in accordance with the published data 
stressing the important role of these cells in immune reac- 
tion occurring along the invasive margin of colorectal car- 
cinoma. This immune reaction comprises, on the one 
hand, the specific part in which macrophages activating T 
cells along an invasive margin participate [13] and, on the 
other hand, the nonspecific immune reaction aimed at the 
reduction of local tumor growth [14]. As for the latter, the 
production of S100A9 and S100A8 proteins by macro- 
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phages and PMNs can be decisive owing to the recently 
described apoptosis-inducing activity of calprotectin in tu- 
mor cells [15]. 

In conclusion, we extended our results describing the 
overexpression of S100A9 in neoplastic lesions of colon 
mucosa. Furthermore, we proved by means of an immu- 
nohistological analysis that S100A9 positive cells, macro- 
phages, and PMNs accumulate along the invasive margin 
of colorectal carcinoma and infiltrate tumor tissue. This 
distribution stands in contrast with diffuse staining of 
S100A9 protein in normal and chronically inflamed colon 
mucosa. Finally, S100A8 protein is produced in the same 
location as S100A9, which can lead to calprotectin forma- 
tion and possible apoptotic regression of tumor mass. 
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Roberta Mells Characterization of colonic polyps by 
two-dimensional gel electrophoresis Ray White 

Huntsman Cancer Institute, 
University of Utah, Salt Lake 
City, UT, USA 

To identify proteins that may specifically characterize colonic polyps we have investi- 
gated the abundance of numerous proteins in epithelial cells from 15 normal colon 
specimens and 13 colonic polyps, using two-dimensional gel analysis to detect possi- 
ble differences in expression. Silver-stained digitized images of the gels were analyzed 
with Melanie I1 2.1 software. We consistently detected more than 700 protein spots on 
each gel, and found that the intensity of 59 of them was significantly altered in polyp 
specimens (Wilcoxon test assuming P 5 0.05). Immunostaining, microsequencing and 
mass spectrometry (matrix-assisted laser desorption/ionization -time of flight; MALDI- 
TOF) techniques were used to identify these proteins and selected others that did not 
show differential regulation. The expression of numatrin (nucleophosphine/B23), hsp 
70, and hsp60 was increased in polyps; levels of fatty acid binding protein (L-FABP), 
14-3-3 0, citokeratin 20, cytochrome c oxidase polypeptide Va, Rho GDP-dissociation 
inhibitor (Rho GDI), and p- and y-actins were decreased. Although the levels of expres- 
sion of a given protein often varied among polyp specimens, it generally held true that 
the direction of variation (up or down) remained constant across the panel. We con- 
cluded that proteins showing constant differential regulation across all or most of the 
polyp specimens represent the most characteristic regulatory pathways in colon pol- 
yps, while more sporadic variations reflect characteristics of individual polyps. 

Keywords: Two-dimensional gel electrophoresis /Colonic polyps / Differential protein expression 
EL 3409 

1 Introduction sis [9-161. The present study reports the application of 
the two-dimensional technology to identify global differen- 

More than 90% of colon cancers reflect no obvious he- ces in expression of proteins extracted from normal mu- 
reditary pattern, and they affect most ethnicities and both cosa as compared to polyp specimens as a means of de- 
genders at similar frequencies. Colon cancer is curable tecting specific changes that characterize the polyp 
by surgical resection if identified early and prophylactic re- stage. 
moval of polyps is advised [l]. Although individuals with a 
family history represent only a small proportion of all colon 2 Materials and methods 
cancer patients, relatives of such patients carry a signifi- 
cantly increased risk for developing this disease [2]. Co- 2m1 Tissue specimens 
Ionic tumors arise from the epithelial lining of the colon Samples Of nOrmal colonic mucosa and polyps were ob- 
[%5] and progress through a premalignant stage known tained from the Departments of Surgery at University 
as a polyp [HI. Some of the fundamental genetic chang- Hospital, the Veterans Administration Hospital, LDS Hos- 
es that drive the development of colon cancer are be- pital and St. Mark's Hospital in Salt Lake City. Normal mu- 
lieved to occur at the polyp stage; however, only a minori- COSal tissues, collected from patients undergoing resec- 
ty of polyps undergo malignant transformation. Cell lines tion of carcinomas of the colon, were recovered from the 
established from cancerous colonic epithelium are availa- healthy margin most distal from the tumor. Polyps were 
ble, but they are not considered adequate to model the in- obtained either from explorative colonoscopies or colecto- 
tact epithelium because they have undergone changes mieS. Clinical information and description of the polyps 
and selection to facilitate long-term growth in vitro. To are summarized in Table 1. All tissue samples were col- 
date, numerous investigations have analyzed colonic epi- lected and stored in cold RPMl 1640 containing 15% fetal 
thelial cells from normal and cancerous tissues, and from bovine serum, Penicillin, streptomycin, fungizone, and 
colon cancer cell lines, by two-dimensional electrophore- WntamYcin sulfate. 

Correspondence: Dr. Roberta Melis. Huntsman Cancer Insti- 
tute, University of Utah, 15 North 2030 East #7480, Salt Lake 
City, UT 84103, USA 
E-mail: roberta.melis@ hci.utah.edu 
Fax: +a01 -585-3833 

2.2 kolation Of Colonic Crypts and preparation 

Colonic crypts were isolated from the normal mucosa and 
from polyps following a procedure modified from White- 

of protein samples 

From Genome to Proteome: Advances in the Practice and Application of Proteomics 
Edited by Michael J Dunn 

copyrigh 0 WILEY-VCH Verlag GmbH, 2000 
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Table 1. Summary of pathology reports of the analyzed polyps 

Patient 
age/ Associated clinical finding Procedure Polyp Size (cm) Diagnosis 
gender No. 

49/M Colon cancer Colectomy 1 0.6 Tubular adenoma 
1 O/M Familial polyposis syndrome Colectomy 2/a 0.7 Adenomatous polyp 

2/b 0.5 Adenomatous polyp 
53lF Familial polyposis syndrome Colectomy 3/a 0.5 x 0.7 x 0.7 Adenomatous polyp 

3lb 1.8 x 1.7 x 0.6 Adenomatous polyp 
3lc 1.3 x 1.1 x 1 . 1 Adenomatous polyp 

58/M Colonic polyp Colonoscopy 4/a 0.8 x 0.6 x 0.2 Adenomatous polyp 
4/b 2X2.3X 1.7 Tubulovillous adenoma 

50/M Colon cancer Colonoscopy 5 6.3 X 5.6 Tubulovillous adenoma 

72lM History of colonic polyp Colonoscopy 6 2.5 x 2.0 x 1 .O Tubulovillous adenoma 
59/M None provided Colonoscopy 7 5 Villous adenoma 
79/M History of colonic polyp Colonoscopy 8 1.8 x 1.2 x 0.5 Tubulovillous adenoma 
77/M History of colonic polyp Colonoscopy 9 2.2 x 1.2 x 0.9 Tubular adenoma 

R. Melis and R. White 

With invasive carcinoma 

head [17]. Briefly, tissue samples were washed three 
times in PBS in the absence of calcium and magnesium, 
and incubated 30-60 min at room temperature in PBS 
containing 0.5 mM DTT and 3 mM EDTA. Fresh PBS re- 
placed the solution, and the sample was vigorously shak- 
en for 2C-30 s to liberate the crypts from the stroma. The 
crypts were collected by centrifugation at 400 X g for 
5 min. Aliquots of pelleted crypts were either frozen in 
dry-ice ethanol and stored at -80°C, or immediately re- 
suspended in ten volumes of lysis buffer containing 9.5 M 

urea, 4% CHAPS, 65 mM DTT, complete protease inhibi- 
tors (Boehringer Mannheim, Indianapolis, IN) and 2% 
Pharmalyte pH 3-10 (Amersham Pharmacia Biotech, Pis- 
cataway, NJ). The cells were homogenized by passing 
them five times through a 26-G’” needle. To complete 
the lysis, the samples were left at room temperature for 
30 min. Cellular debris and insoluble materials were pel- 
leted by centrifugation at 45 000 rpm for 15 rnin in a Beck- 
man TLS55 bucket rotor (Beckman, Fullerton, CA). The 
protein concentration of each specimen was determined 
by the Bradford method [18] using Bio-Rad (Richmond, 
CA) color reagents. To identify which proteins might spe- 
cifically characterize the colonic polyps, we compared the 
levels of proteins from epithelial cells from 15 normal co- 
lon specimens to 13 colonic polyps resolved by two-di- 
mensional gel technology. 

2.3 Analytical 2-D PAGE 

The first dimension was performed following the protocol 
reported by Gorg [19]. Precast lmmobiline Drystrips, pH 
4-7 linear, 180 x 3 x 0.5 mm (Amersham Pharmacia Bio- 
tech), were rehydrated with 100 pg of protein sample [20] 
overnight in a solution containing 8 M urea, 0.5 O h  CHAPS, 

Table 2. Procedure for silver staining 

Prefix I 50% methanol overnight 

Prefix II 10% methanol 40 min 

Rinse double distilled H20 2 x 10 min 
Fix/ sensitize 0.05% glutaraldehyde (25%) 20 min 

0.1% formaldehyde (37%) 
0.5 M sodium acetate 
20% ethanol 

7% acetic acid 

10% acetic acid 

Rinse double distilled H20 2X10min 
Staining 20 min 
To prepare 150 mL solution of ammoniacal silver nitrate: 
0.375 g of silver nitrate was dissolved in 10 mL of double 
distilled H20, which was slowly mixed into a solution con- 
taining 140 mL, 0.6 mL NH40H, 0.0360 g NaOH. 
Rinse double distilled H20 4X4min 
Develop 2.5% Na2C03 

0.04% formaldehyde 
stop 0.05 M EDTA 15 min 

0.02% thimerosal 

Staining was carried out in glass trays, using 150 mL of 
each different solution per gel, and 600 mL of double dis- 
tilled H20 per gel in the rinsing steps. 

65 mM DTT, 0.8% Pharmalytes pH 3-10, Isoelectric fo- 
cusing was carried out on a Multiphor II electrophoresis 
unit (Amersham Pharmacia Biotech) using a gradient 
mode, 500 V for 500 Vh, 500 V for 10 000 Vh and 3500 V 
for 60 000 Vh at 2OoC. The first-dimension gels were 
equilibrated for 15 min in 6 M urea, 2% SDS, 50 mM Tris- 
HCI, pH 6.8, 30% vlv glycerol and 1% DTT, then for 
15 min in the same solution except that D l T  was replaced 
by 5% w/v iodoacetamine. The second dimension was 
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Mark Olson); monoclonal anti-Hsp 70 (dilution 1 :5000; 
Sigma Immunochemicals, St. Louis, MO); anti-a-tubulin 
(dilution 1 :2000; ICN Biochemicals, Costa Mesa, CA); 
monoclonal anti-cytokeratin 18 (dilution 1 :1000; Sigma); 
and monoclonal anti-cytokeratin 19 (dilution 1 :loo; Sig- 
ma). Secondary antibodies were murine anti-lgGl and 
IG2a conjugated with horseradish peroxidase (HRP; dilu- 
tion 1 :20 000; Zymed Laboratories, San Francisco, CA), 
and HRP-conjugated rabbit anti-lgG (dilution 1 :3000; 
Zymed). 

performed using precast 12-14% polyactylamide Excel- 
Gel SDS XL 245 x 180 x 0.5 mm (Amersham Pharmacia 
Biotech) on a Mutiphor II apparatus with precast anodic 
and cathodic SDS buffer strips (Amersham Pharmacia Bi- 
otech), for 1 h and 20 min at 300 V, and at 800 V, at 
15OC, until the bromophenol blue reached the bottom of 
the gel. Resolved proteins were visualized by silver nitrate 
staining using a combination of Celis and Vari protocols 
[21. 221 (Table 2). After staining, the gels were separated 
from the polyester support and dried under vacuum be- 
tween two sheets of cellulose (Amersham Pharmacia Bio- 
tech), for 2 h at 45OC. In the first dimension the pH gra- 
dient profile was established using the predicted values 
on 18 mm long IPG strips (pH 4-7). SDS-PAGE size 
markers (Amersham Life Science, Cleveland, OH) were 
used in the second dimension. 

2.4 Preparative 2-D PAGE 

The first and second dimensions of the preparative gels 
were performed as above except that 300-400 pg of pro- 
tein was loaded in each gel. 

2.5 Scanning and image analysis 

The silver-stained 2-0 gels were digitized using a comput- 
ing densitometer Scanner 3 + (Millipore, Bedford, MA), 
and the images were imported in TIF format to Melanie II 
2.1 image analysis software (Bio-Rad, Hercules, CA) for 
spot detection, quantitation and matching. The intensity of 
each protein spot was expressed as relative volume (vol- 
ume of the spot divided by the total volume over the whole 
gel) to normalize for differences in gel loading and stain- 
ing between different gels. 

2.6 Identification of protein spots 

Proteins were identified using a combination of methodol- 
ogies that included two-dimensional immunoblotting, mi- 
crosequencing (N-terminal sequence) and mass spec- 
trometry (MALDI-TOF). 

2.7 lmmunoblotting and immunodetection 

After two-dimensional electrophoresis the polyactylamide 
gels were electroblotted onto PVDF Trans-blot membrane 
(Bio-Rad) according to Ji et al.1 [lo]. lmmunodetection 
and antigen detection with enhanced chemiluminescence 
(ECL; Amersham Life Science) were performed accord- 
ing the manufacturer's protocols. 

2.8 Antibodies 

The different antibodies used included: monoclonal nu- 
matrin antibody (dilution 1 :5000; kindly provided by Dr. 

2.9 Microsequencing 

Protein spots from one or more 2-D gels were excised 
from Coomassie blue-stained PDVF membranes as de- 
scribed by Ji et al. [ lo ]  and sequenced by Edman degra- 
dation on an ABI Precise sequencer (Applied Biosystems, 
Perkin Elmer-Cetus Foster City, CA). 

2.10 In-gel tryptic digestion 

The 2-D gels were silver-stained following the original 
protocol of O'Connell [23], which does not interfere with 
mass spectrometric analysis. After staining, gels were 
dried between two cellulose sheets and stored at -2OOC. 
Each spot of interest was excised from the dry gel and im- 
mersed in a drop of distilled water to separate the gel from 
the cellulose. The gel pieces were recovered, minced, 
and dehydrated in acetonitrile. Reduction, alkylation, tryp- 
sin digestion (Boehringer Mannheim), and extraction of 
trypsin-digested peptides from the gel were performed ac- 
cording to the protocol of Shevchenko [24]. 

2.1 1 Mass spectrometry (MALDI-TOF) 

Each mixture of trypsin-digested peptides was dissolved 
in 5.0 pL of 5 % aqueous formic acid. About 0.5 pL of 
each peptide solution was placed onto a thin film of a-cya- 
no-5-hydroxycinnamic acid deposited on the sample plate 
(25, 261. For internal calibration, about 0.5 pL of peptide 
solution and 0.5 pL of standard peptide (ACTH 4-10 and 
ACTH 18-39, 100 fmol each) were placed onto a thin film 
of a-cyano-5-hydroxycinnamic acid. All spectra were col- 
lected on a MALDI-TOF mass spectrometer (Voyager-DE 
STR Biospectrometry Workstation; PerSeptive Biosys- 
terns, Framingham, MA) with a nitrogen laser operating at 
a wavelength of 337 nm. The instrument was operated at 
20 kV accelerating voltage in the reflectron mode with de- 
layed extraction. Under these conditions, the resolution 
was greater than 10 000 ppm. When internal calibration 
was used, the mass accuracy was greater than 30 ppm. 
With external calibration, the mass accuracy was better 
than 100 ppm. 
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2.12 Identification of proteins by mass 
fingerprinting and database searches 

Mass fingerprinting of peptides was performed using ei- 
ther the ProteinProspector algorithm (URL: http://pros- 
pector.ucsf.edu/) or Profound (URL: http://prowl.rockefeI- 
ler.edu/cgi-binlProFound). both available through the 
internet. 

2.13 Statistical methods 

P-values for differences between normal and polyp tis- 
sues were calculated for each of 700 spots using a non- 
parametric (Wilcoxon) test. 

3 Results 

3.1 Two-dimensional gel electrophoresis of 

Whole cell lysates from normal colonic mucosa and pol- 
yps, enriched in epithelial cells, were analyzed by isoelec- 
tric focusing (IEF) in the first dimension, then by SDS- 

colonic epithelial cells 

PAGE in the second dimension. The protein profile of a 
colonic polyp is displayed in Fig. 1 in a pH range of 4-7 
and M. 200-10. 

3.2 Protein expression level in normal colonic 

More than 700 protein spots were consistently detected 
on each gel by this method. Using the 15 normal samples, 
we established a reference map of proteins present in 
normal colonic epithelium. Among the 15 2-D electro- 
phsrograms from normal colonic mucosa, the one with 
the highest number of spots was chosen as a reference. 
All gels were then matched to this map. By comparing the 
2-D protein pattern of polyp samples to the normal, we 
found that 59 (7.8%) proteins were significantly altered in 
terms of abundance (Wilcoxon test P C  0.05). Normal and 
polyp tissues, being from different patients, were ana- 
lyzed as nonpaired samples. The differentially expressed 
spots are indicated on the reference gel (Fig. 2), and de- 
scribed in Table 3. Examples of relative expression levels 
of some of these proteins. across the panel of polyp sam- 
ples, are represented in Fig. 3. 

mucosa and polyps 

Figure 1. Silver-stained 2-0 IPG gel (pH 4-7) of colonic-epithelial cells isolated from polyps. Spots for 23 proteins 
are identified. 
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Figure 2. 2-D electropherogram (reference gel) of proteins from normal colonic mucosa image from Melanie 
software. Differentially expressed proteins are indicated by their spot numbers in our database. 

3.3 Identification of protein spots from two- 
dimensional gels 

From the 59 proteins spots that were found differentially 
expressed, eleven were identified by immunodetection. 
N-terminal sequencing and mass spectrometry, along 
with 12 arbitrarily chosen, nonaltered spots. The correct 
assignments of these identified proteins were confirmed 
by matching to reference gels in SWISS-2DPAGE. The 
identified protein spots are described in Table 4. 

3.4 Proteins differentially regulated in polyp 

Among the proteins that were up-regulated in polyps we 
identified the phosphoprotein numatrin (nucleophosmin/ 
623), and heat-shock proteins HSP70 and HSPGO. The 
down-regulated proteins included fatty acid-binding pro- 
tein (L-FABP), keratin 20, 14-3-30 (stratifin), Rho GDP 
dissociation inhibition protein, cytochrome c oxidase poly- 
peptide Va, and p- and y-actins. 

4 Discussion 

To better understand development and progression of the 
earliest stage of colon cancer, we analyzed and com- 
pared specimens of colon epithelial cells isolated from 
normal and polyp tissue samples for their patterns of pro- 
tein expression. To increase the sensitivity of protein de- 
tection, we first considered 35S-metabolic labeling of the 
tissues as an alternative to silver staining, but several 
considerations made that technique useless for our ex- 
periments. For example, colonic tissue degenerates rap- 
idly outside of the living host; within a few hours of incuba- 
tion in culture media at 37OC, major changes occur in the 
tissue structure that prevent extraction of the crypts (un- 
published observation). Labeling of isolated crypts is not 
recommended either, because data from the literature 
have shown that disruption of interaction between epithe- 
lial cells and matrix induces “anoikis”. a specific form of 
apoptosis [27, 281. Therefore we chose to observe gener- 
al changes between normal and polyp samples, which 
could be attributed to changes in the cellular environment; 
these changes were quantitative rather than qualitative. 



480 R. Melis and R. White 

Table 3. Proteins differentially expressed in polyps 

Normal (n  = 15) Polyp (n = 13) Detected in 
Protein Spot M, p l  Protein %Vol (*) SD %Vol (*) SD CPlCN Wilcoxon Normal Polyp 
identification number (kDa) expression mean ofthe mean ofthe PS 0.05 

mean mean 

Nla’ 
NI 
NI 
NI 
NI 
NI 
NI 
NI 
NI 
NI 
Keratin 20 
NI 
NI 
NI 
Rho GDP 
NI 
NI 
NI 
14-3-3 sigma 
NI 

NI 
NI 
NI 
NI 
Cytochrome ox) 
NI 
NI 
NI 
NI 
B23/numatrin 
NI 
NI 
NI 
NI 
NI 
NI 
NI 
NI 
NI 
Actin beta 
Actin gamma 
Hsp 60 
NI 
NI 
lips70 
NI 
NI 
NI 
NI 
NI 
NI 

L-FAB 

S-273 
s-373 
s-243 
S-715 
s-20 
s-21 
S-929 
S-763 
S-404 
s-37 
S-294 
S-344 
S-510 
S-625 
5-703 
S-723 
s-53 
s-57 
S-660 
5-962 
S-950 
s-842 
5-30 
5-744 
S-446 

rdase $942 
S-706 
s-910 
S-708 
S-366 
S-460 
S-716 
S-610 
S-634 
S-403 
S-963 
$54 
S-963 
S-825 
S-693 
s-348 
S-351 
S-150 
S-307 
S-133 
s-94 
s-557 
S-400 
S-365 
s-1 
S-517 
S-689 

50 5.2 
40 5.5 
60 5.52 
31 5.1 
150 4.89 
150 4.92 
14.3 >6.!ib) 
30 5.9 
37 5.28 
150 5.1 
45 5.48 
45.5 5.32 
34 5.8 
33 5.78 
30 4.8 
30 6.29 
97 5.78 
97 5.9 
30 4.49 
12 4.9 
13 6.1 
29 5.1 
150 5.75 
30 5.12 
37 5 
12 4.7 
29 > 6.5 
15 6.2 
31 5.35 
38 4.76 
37 4.7 
30 5.8 
33 5 
30 4.56 
40 5.81 
12 6.3 
97 6 
12 6.3 
29 5.15 
30.5 4.8 
45 5.16 
45 5.2 
60 5.35 
45 4.89 
60 4.9 
70 5.2 
33 5.86 
38 4.7 
45 6.29 
200 4.92 
34 5.86 
23 4.78 

Down 
Down 
Down 
UP 
UP 
UP 
Down 
UP 
UP 
UP 
Down 
Down 
UP 
UP 
Down 
Down 
UP 
UP 
Down 
Down 
Down 
UP 
UP 
UP 
Down 
Down 
Down 
Down 
Down 
Down 
UP 
UP 
UP 
Down 
UP 
Down 
UP 
Down 
UP 
Down 
Down 
Down 
UP 
UP 
UP 
UP 
UP 
UP 
Down 
UP 
UP 
Down 

0.363 
0.036 
0.899 
0.052 
0.015 
0.022 
1.628 
0.023 
0.018 
0.01 1 
0.729 
0.245 
0.023 
0.043 
0.443 
0.230 
0.040 
0.075 
0.323 
0.107 
0.154 
0.060 
0.054 
0.189 
0.265 
1.950 
0.353 
0.030 
0.116 
0.117 
0.104 
0.081 
0.050 
0.106 
0.019 
0.313 
0.036 
0.313 
0.052 
0.202 
1.558 
1.538 
0.758 
0.043 
0.026 
0.087 
0.023 
0.019 
0.095 
0.062 
0.036 
0.362 

0.053 
0.007 
0.300 
0.008 
0.005 
0.005 
0.215 
0.004 
0.006 
0.006 
0.097 
0.027 
0.006 
0.007 
0.026 
0.024 
0.012 
0.015 
0.024 
0.010 
0.033 
0.009 
0.010 
0.017 
0.018 
0.171 
0.046 
0.007 
0.017 
0.018 
0.028 
0.014 
0.009 
0.017 
0.007 
0.044 
0.006 
0.044 
0.012 
0.013 
0.133 
0.129 
0.062 
0.012 
0.006 
0.008 
0.008 
0.005 
0.021 
0.009 
0.009 
0.043 

0.101 
0.003 
0.269 
0.125 
0.083 
0.077 
0.479 
0.051 
0.052 
0.060 
0.329 
0.116 
0.085 
0.119 
0.287 
0.117 
0.097 
0.155 
0.160 
0.042 
0.009 
0.101 
0.106 
0.294 
0.171 
1.127 
0.147 
0.005 
0.058 
0.049 
0.241 
0.139 
0.075 
0.062 
0.045 
0.198 
0.081 
0.198 
0.108 
0.159 
1.338 
1.196 
1.004 
0.077 
0.064 
0.132 
0.054 
0.041 
0.026 
0.103 
0.061 
0.232 

0.014 0.3 
0.002 0.1 
0.042 0.3 
0.015 2.4 
0.008 5.6 
0.007 3.5 
0.097 0.3 
0.005 2.2 
0.006 2.8 
0.009 5.3 
0.025 0.5 
0.019 0.5 
0.015 3.7 
0.017 2.8 
0.024 0.6 
0.022 0.5 
0.018 2.4 
0.021 2.1 
0.028 0.5 
0.010 0.4 
0.005 0.1 
0.007 1.7 
0.016 2.0 
0.025 1.6 
0.020 0.6 
0.128 0.6 
0.022 0.4 
0.004 0.2 
0.009 0.5 
0.011 0.4 
0.034 2.3 
0.021 1.7 
0.007 1.5 
0.008 0.6 
0.008 2.4 
0.031 0.6 
0.017 2.3 
0.031 0.6 
0.019 2.1 
0.010 0.8 
0.047 0.9 
0.069 0.8 
0.071 1.3 
0.014 1.8 
0.013 2.4 
0.017 1.5 
0.010 2.4 
0.009 2.2 
0.009 0.3 
0.015 1.7 
0.008 1.7 
0.024 0.6 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.001 
0.001 
0.001 
0.001 
0.001 
0.001 
0.002 
0.003 
0.003 
0.004 
0.004 
0.004 
0.005 
0.005 
0.005 
0.007 
0.008 
0.008 
0.010 
0.012 
0.012 
0.015 
0.016 
0.016 
0.018 
0.019 
0.020 
0.022 
0.022 
0.022 
0.023 
0.023 
0.023 
0.026 
0.027 
0.028 
0.028 
0.030 
0.030 
0.033 
0.038 
0.039 
0.040 
0.041 

15 
13 
15 
13 
7 
9 

15 
12 
7 
4 

15 
15 
10 
14 
15 
14 
12 
13 
15 
15 
11 
15 
13 
15 
15 
15 
15 
11 
15 
15 
11 
15 
14 
14 
8 

15 
12 
15 
12 
15 
15 
15 
15 
10 
10 
15 
8 
8 

12 
14 
12 
15 

12 
2 

13 
13 
13 
13 
11 
13 
12 
11 
13 
12 
12 
13 
13 
10 
13 
13 
13 
9 
3 

13 
12 
13 
13 
13 
11 
2 

12 
9 

13 
12 
13 
12 
10 
13 
10 
13 
12 
13 
13 
13 
13 
11 
11 
13 
10 
11 
7 

12 
11 
13 
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Table 3. continued 

Normal@= 15) Polyp(n= 13) Detected in 
Protein Spot M, pl  Protein %Vol (*) SD %Vol (k) SD CPlCN Wilcoxon Normal Polyp 
identification number (kDa) expression mean of the mean ofthe P 5 0.05 

mean mean 

NI S-561 37 5.6 Down 0.058 0.013 0.017 0.010 0.3 0.042 12 3 
NI S-687 31 4.6 Down 0.093 0.014 0.054 0.010 0.6 0.043 15 11 
NI S-943 12.6 5.8 Down 0.098 0.016 0.046 0.016 0.5 0.044 15 6 
NI S-872 21.5 5.2 Up 0.093 0.012 0.120 0.011 1.3 0.046 14 13 
NI S-241 60 5.64 Down 0.584 0.090 0.325 0.056 0.6 0.048 15 12 
B23lnumatrin 5-459 37 4.69 Up 0.091 0.025 0.206 0.033 2.3 0.050 12 12 
NI S-752 29 >6.5 Down 0.209 0.037 0.094 0.018 0.4 0.050 13 11 

a) NI, nonidentified spots 
b) >, plfor basic protein can not be determined accurately above pH 6.5 

Figure 3. Heterogeneity of expression of selected proteins among different polyps. The light grey bars of each histogram 
indicate the level of designated proteins in each polyp specimen. White and the dark grey bars represent the mean of the 
normal and the mean of the polyps, respectively. Protein levels are expressed as relative volume on the y-axes. Unidenti- 
fied protein spots are denoted by their database numbers. 

Although the level of expression for individual genes var- 
ied among polyp specimens, it generally held true that the 
direction of variation (up or down) remained constant 
across the panel. We predict that proteins, which showed 
differential regulation across all or most of our panel, rep- 
resent fundamental regulatory pathways in development 

of colon cancer, and that the proteins showing more 
sporadic variation reflect characteristics of individual pol- 
yps. Experiments using an expanded number of polyp tis- 
sues, as well as evaluations of pathologic reports con- 
cerning each sample, are in progress to confirm the 
results reported here. 



5-950 
S-942 
s-94 
S-703 
S-660 
S-460 
s-459 
5-351 
S-348 
S-294 
S-150 
s-347 
S-142 
S-198 
S-240 
5-322 
S-242 
s-958 
S-310 
5-393 
S-85 
S-826 
S-808 

13 6.1 
12 4.7 
70 5.2 
30 4.8 
30 4.49 
37 4.7 
37 4.69 
45 5.2 
45 5.16 
45 5.48 
60 5.35 
44 4.9 
70 4.2 
60 5.9 
60 5 
45 5.38 
63 4.92 
12 4.8 
46 5.06 
34 4.6 
80 4.9 
22 5.62 
23 6.1 

482 

Table 4. Colonic epithelial proteins identified from 2-D gel 

Spot M, p l  Protein description Gene name Method of 
number (KDa) 

R. Melis and R. White 

identification 

Liver fatty acid binding protein L-FAEP Ms') + Gmb) 
Cytochrome c oxidase va COX5A MiC) + Grn 
HDS70 HSP70 Imd) + Gm 
Rho GDP-dissociation inhibition 
14-3-3 sigma 
Numatrin/B23 
NumatridB23 
Actin gamma 
Actin beta 
Keratin cytoskeleton 20 
Hsp 60 
Keratin cytoskeleton 19 
Calreticulin 
Probable disulfide isomerase 
alpha Tubulin 
Keratin cytoskeleton 18 
ATP synthetase-beta subunit 
Thioredoxin 
Heterogeneous nuclear riboprotein F 
Laminin-receptor colon carcinoma L-binding protein 
78 kDa Glucose-regulated protein precursor 
Natural killer cell enhancing factor 
Antioxidant protein 1 AOP-1 (MER 5 homolog) 

RHO GDI 1 

NPMl 
NPMl 
ACTG 
ACTB 
KRT20 
HSP6O 
KRTl9 
CRTC 
ER60 
TBA 1 
KRT18 
ATPB 
TRX 
NHRNP F 
LAMR 
GRP 78 

SFN-HME1 

NKEF-B 
AOP-1 

Ms + Gm 
Ms + Gm 
Ms + Im 
Ms + Im 
Ms + Gm 
Ms + Gm 
Ms + Gm 
Mi + Gm 
Im + Gm 
Ms + Grn 
Mi + Gm 
Im + Gm 
Im + Gm 
Mi + Gm 
Mi + Gm 
Ms + Gm 
Ms + Gm 
Ms + Gm 
Ms + Gm 
Ms + Gm 

a) Ms, mass spectrometry 
b) Grn, gel matching 
c) Mi, microsequencing 
d) Im, immunoblotting 

Among the identified proteins that showed altered expres- 
sion in polyps, L-FABP, a member of a large multigene 
family [29], was the most strongly down-regulated protein. 
Fatty acids are the preferred energy source for normal co- 
lonic epithelial cells; L-FABP is known to be involved in 
their differentiation [30] and in migration of epithelial cells 
along the crypts [31, 321. Lowered levels of L-FABP in 
colorectal cancers and colonic carcinomas have been 
reported in other studies [33, 341. Another protein with 
decreased levels of expression in polyps was 14-3-3 a, a 
member of the 14-3-3 family of proteins (the IS isoform is 
expressed by epithelial cells). This isoform, which is regu- 
lated by p53 in colonic cell lines [35], has been shown to 
harbor a pleckstrin homology (PH) domain and to en- 
hance protein kinase C activity [%]. Decreased expres- 
sion of this protein has also been observed in transformed 
keratinocytes [37] and in less differentiated bladder cell 
carcinomas [38]. Cytochrome c oxidase polypeptide Va, 
one the 13 subunits of cytochrome coxidase, is reported- 
ly decreased in colonic adenocarcinomas [39, 401. GDI 
inhibits the GDP/GTP exchange among small GTP-bind- 
ing proteins (G proteins) of the rho family, keeping them 

in the GDP-bound, inactive form [41]. Disruption of rho 
GDI in yeast does not induce apparent changes in pheno- 
type, but overexpression results in growth inhibition [42]. 
Rho proteins are required for endogenous and EGF-in- 
duced migration of epithelial cells during the early phase 
of mucosal restitution [43]. Cytokeratin 20 is a marker for 
differentiation of colonic crypt cells [44, 451. 

On the other hand, we found numatrin, HSP70, and 
HSP6O to be overexpressed in colonic polyps. Numatrin 
is a phosphoprotein involved in ribosome assembly [46] 
and it has some oncogenic properties [47]; overexpres- 
sion of numatrin has been reported in highly proliferating 
cells [48], in transformed keratinocytes [37], and in mRNA 
from neoplastic colorectal mucosa [49]. HSP70 and 
HSPGO are often overexpressed in human colonic diseas- 
es and in colonic tissue cell lines [5&52]. Whether the 
proteins we have characterized here by differences in ex- 
pression levels identify the primary culprits in cancer pro- 
gression, or are merely consequential adjustments, re- 
mains to be determined. We predict that the majority of 
changes would fall in the latter category. However, when 
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1191 Gorg, A., Biochem. SOC. Trans. 1993,21, 130-132. 
[20] Sanchez, J.-C., Rouae. V.. Ravier. F.. Tonella. L.. Moss- 

the corresponding regulatory pathways have been eluci- 
dated, it should become possible to determine which al- 
tered protein patterns are specific to the tumorigenic proc- 
ess. 
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Protein changes associated with ionizing radiation- 
induced apoptosis in human prostate epithelial 
tumor cells 

Ionizing radiation (IR) is an important component in the therapy of localized prostate 
cancer. Identification of protein alterations during IR-induced apoptosis prostate cancer 
cells is an important step toward understanding the new metabolic status of the dying 
cell. In the present study, we report changes in protein profile that define the execution 
phase of the apoptotic response in the in vitro model of turnorigenic radiation-trans- 
formed SV40-immortalized human prostate epithelial cells (26781 -XR), induced to 
undergo programmed cell death by IR. We employed an approach that involves use of 
analytical two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) coupled 
with Western blotting with specific antisera. Our results point out that apoptotic cells 
experience significant reduction in the levels of the intermediate filament proteins, ker- 
atins-18, 19, vimentin and the associated 14-3-3 adapter proteins. At the same time, 
molecular chaperones such as glucose-regulated protein 94, calreticulin, calnexin, and 
protein disulfide isomerase exhibit marked accumulation in these dying cells. The pres- 
ent data indicate that apoptosis-associated processes in prostate epithelial cells 
include solubilization of the rigid intermediate filament network by specific proteolysis 
as well as increased levels of endoplasmic reticulum (ER) proteins with chaperone 
functions. 

Keywords: Apoptosis of prostate cells / Ionizing radiation / Endoplasmic reticulum chaperones / 
Intermediate filament proteins /Two-dimensional polyacrylamide gel electrophoresis EL 3368 

1 Introduction 

Ionizing radiation (IR) is a major component in the treat- 
ment of localized prostatic carcinoma [ l ,  21 in addition to 
anti-androgen and cytotoxic therapies. The phenomenon 
of cell death by apoptosis is an active process, triggered 
by precise signals that induce crucial biochemical chang- 
es in target cells, including alterations in the pattern of 
protein expression and stability. These particular changes 
are expected to vary from one cell type to another, due to 
the fact that different stimuli have the potential to induce 
cell death by activating independent or overlapping meta- 
bolic pathways in the same cell [3]. Transcription factors, 
nonnuclear proteins such as members of the Bcl-family, 

Correspondence: Sarada Prasad, Ph.D., Department of Radia- 
tion Medicine, Division of Radiation Research, TRB-E204A, 
Georgetown University Medical Center, 3970 Reservoir Road 
NW. Washington, DC 20007-2197, USA 
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Abbreviatlone: 26781-XR, radiation-transformed SV40-immor- 
talized human prostate epithelial cells: DAPI, 4',6-diamidino-2- 
phenylindole; ER. endoplasmic reticulum; grp, glucose-regulated 
proteins: hsp, heat shock proteins; IFAPs. intermediate filament- 
associated proteins; IFs, intermediate filaments; IR. ionizing radi- 
ation; PARP, poly(ADP-ribose)polymerase; PDI, protein disulfide 
isomerase 

and receptors mediating death signals have been held re- 
sponsible for determining cell fate (reviewed in [4, 51). In- 
volvement of ICE-like proteases [6, 71 and that of other 
classes of proteases (TPCK- and benzyloxy carbonyl- 
sensitive) [8] in mediating limited proteolysis has also 
been recognized [a]. During the execution phase of apop- 
tosis, limited proteolysis of actin-binding proteins (spec- 
trin, fodrin, gelsolin, and focal adhesion kinase) and inter- 
mediate filaments (nuclear lamins A, B, and C, keratins 
18, 19, and vimentin) appears to bring about the charac- 
teristic collapse of nuclear and cell shape and render the 
rigid framework of the epithelial cells soluble [9, lo]. The 
many other gene products participating in the cell death 
program include those maintaining cell structure, second 
messenger transduction cascades, cell cycle progression, 
and housekeeping endoplasmic reticulum (ER) and/or mi- 
tochondrial components (reviewed in [ l l ,  121). In particu- 
lar, depletion of calcium (Ca) pools from the ER and ele- 
vation of intracellular Ca have been linked to induction of 
apoptosis mediated by various stimuli. As a consequence 
of the Ca imbalance, levels of resident ER proteins (mo- 
lecular chaperones) have been found to be higher after 
treatment with diverse agents employed to alter normal 
ER functioning [13-161. Instances of molecular chaper- 
ones influencing the organization and function of microtu- 
bules. microfilaments and intermediate filaments as well 
as protein breakdown have also been pointed out (19, 
201. These changes in proteins participating in multiple 
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biochemical pathways together define the new metabolic 
status of the dying cell. 

Earlier studies from our laboratory, using the SV40-im- 
mortalized neonatal human prostate epithelial cells 
(26781), demonstrated protein expression changes dur- 
ing ionizing radiation (IR)-induced neoplastic transforma- 
tion [23-261. These isogenic cells are unique in that their 
initial protein expression patterns, as well as changes as- 
sociated with neoplastic transformation, are known. Con- 
sequently, further analysis of apoptosis-associated pro- 
tein changes in these cells would corroborate our know- 
ledge of carcinogenesis and apoptosis. We have recently 
established criteria of apoptosis using MCF-7 (estrogen 
receptor-positive), MDA-468 (estrogen receptor-negative) 
breast tumor cells and radiation-transformed 26781 
(267B1-XR) cells and pointed out the involvement of pro- 
tein ubiquination, proteolysis of type I keratins, and vi- 
mentin, respectively [21, 221. In the present study, we 
compare protein expression in the adherent (control) and 
nonadherent (apoptotic) 26781 -XR cells employing ana- 
lytical 2-D PAGE combined with specific antibody blotting. 
We now report that intermediate filament proteins (kera- 
tins 18, 19 and vimentin) are underrepresented in the 
nonadherent cells representing cells undergoing apopto- 
sis, while the ER resident proteins (calreticulin, calnexin, 
glucose-regulated protein94 - grp94 -, and protein disul- 
fide isomerase (PDI) exhibit higher levels of accumula- 
tion. These results on the differential protein expression 
during apoptosis of 267B1-XR cells point to protein break- 
down, protein synthesis, as well as post-translational 
modification, as necessary components of the apoptotic 
program. The evidence thus supports the premise that 
the cell death program is directly mediated by dysregula- 
tion of the expressiordfunction of certain gene products. 

2 Materials and methods 

2.1 Cell culture and irradiation 

IR-transformed 26781-XR cells [23] were grown in P48F- 
medium supplemented with 2% heat-inactivated fetal bo- 
vine serum, 100 U/mL penicillin, with 100 pg/mL strepto- 
mycin and 2 mM L-glutamine. The gamma-ray source 
(13'Cs) was fixed at a dose of 2.37 Gy/min, and cells met- 
abolically labeled or unlabeled were exposed to 6 Gy at 
room temperature, in air. Nonadherent cells were collect- 
ed by media centrifugation at indicated time points subse- 
quent to radiation treatments, while adherent cells and 
control nonirradiated cells were harvested by trypsiniza- 
tion. Cells were stored (at -7OOC) as pellets of 2 x l o 6  
cells for analysis. The proportion of adherent and nonad- 
herent cells were counted at 24, 48 and 72 h after expo- 
sure to 6 Gy to determine the extent of cell death. 

2.2 Metabolic labeling of cells in culture 

Logarithmically growing 267B1-XR cells were preincubat- 
ed in methionine-free culture medium for a period of 
3 4  h and subsequently labeled with 50 pCi/mL of 
methionine for 16 h in methionine-free medium [24]. Me- 
dia was aspirated, cells were washed and replaced with 
fresh methionine-containing medium, and immediately 
subjected to IR exposure as indicated. Twenty-four hours 
after exposure to IR, the adherent and nonadherent cells 
were pelleted and stored frozen for 2-D gel analysis. 

2.3 Analysis of apoptosis 

For quantitation of apoptosis, adherent and nonadherent 
cells were pooled together and washed with PBS prior to 
fixation with 3.7% paraformaldehyde for 3-5 min. After re- 
hydration in PBS, cells were stained with 4,6'-diamidino- 
2-phenylindole (DAPI) (0.5 pg/mL, Sigma, St. Louis, MO) 
for 30 min in the dark and mounted with cover slips. Epi- 
fluorescence microscopy was performed using a Zeiss 
Photoscope II (Carl Zeiss, Jena, Germany) equipped with 
a Zeiss plan 4-WO.65 NA objective and cells were photo- 
graphed using a 35 mm camera [21]. Apoptotic cells ex- 
hibiting condensed and fragmented nuclei were coun- 
tered in five to seven randomly selected fields. A mini- 
mum of 4OC-500 nuclei were examined in each case, and 
results were expressed as the number of apoptotic nuclei 
over the total number counted. 

2.4 2-D PAGE 

Control, adherent and nonadherent cell samples were an- 
alyzed by 2-D PAGE using the Iso-Dalt system (Hoefer 
Scientific, San Francisco, CA) [27]. The method involved 
minor modifications of OFarrell's original technique to suit 
the Iso-Dalt equipment. IEF gel tubes were made up of 
3.5% acrylamide, 9 M urea, 2% Ampholines (blended pH 
3-10 and 4-8 in the ratio of 3:1), 2% NP-40, 0.03% 
ammonium persulfate, and 0.01 % TEMED. Briefly, cell 
pellets (2 x lo6) were suspended in 250 pL of 2-D PAGE 
sample buffer (9 M urea, 4% NP-40, 2% Ampholines 3-10 
and 1% DTT) and 20 pL portions (either radioactive or un- 
labeled) were resolved by IEF for 20 000 Vh. After the 
first-dimensional separation, tube gels were layered on 
top of 10% polyacrylamide slab gels for SDS-PAGE reso- 
lution in the second dimension (100 V, overnight, 2OOC). 
Slab gels were either stained with Commassie blue or 
transferred to lmmobilon membranes for subsequent au- 
toradiography and immunoblotting. Gel autoradiographs 
were scanned (Nikon f2.8 lens), and digitized by a combi- 
nation of a 3/10 computer (Sun Microsystem, Mountain 
View, CA) interfaced to a scanner and digitizer (PS200 
power supply, Photometrics, Tucson, AZ). Data analysis 
by computer-assisted comparison of the spots of interest 
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in the adherent and nonadherent cells was accomplished 
by using ELSIE-5 software, an updated version of ELSIE- 
4 previously described [24, 261. 

2.5 Western irnrnunoblotting 

Samples of 50 pg protein from each of the total cell ly- 
sates, collected at various time points, were resolved by 
SDS-PAGE on 10% polyacrylamide gels and transblotted 
to lmmobilon membranes (Millipore Corporation, Bedford, 
MA) as previously described [23-261. Transfer buffer con- 
tained 25 mM Tris-HCI, 192 mM glycine, 0.037% w/v SDS 
and 10% methanol. Limited cleavage of the various pro- 
tein substrates were analyzed by Western blotting with 
antisera to anti-poly(ADP-ribose)polymerase (1 :2000; 
Boehringer Mannheim, Indianapolis, IN), topoisomerase-I 
(1 :2000; Topogen, Columbus, OH), heat shock protein 
(hsp) 90 (1 : 1000; Transduction Laboratories, Lexington, 
KY), and hsp27 (2.0 pg/mL; Oncogene Research Prod- 
ucts, Cambridge, MA). Proteins that appear new to the 
apoptotic cells were screened to test if they correspond to 
calreticulin (1 :2500; gift from Dr. Ramsamooj), anti-pro- 
teasome subunits a and p (1:lOOO; Calbiochem, La Jolla, 
CA), anti 14-3-3 proteins (1.0 pg/mL), anti-hsp70 (1:500), 
anti-grp78 (1 :500), anti-grp75 (1 :500), anti-grp94 (1 500; 
Santa Cruz Biotechnology, Santa Cruz, CA), calnexin 
(1:1000), anti-hsp9O (1:lOOO) (Transduction Labs) anti- 
PDI (1 500; Stressgen, British Columbia, Canada), anti- 
keratin 8, 18 (cl. 8.13, 1:500), and anti-vimentin (1:lOOO; 
Sigma). lmmunoblotting methods have been previously 
described [21-261. Briefly, membranes were blocked with 
5.0% bovine serum albumin in TBST (Tris-buffered saline 
with 0.1% Tween-20). After washing three times with 
TBST, membranes were incubated with primary antibod- 
ies for 3 h at room temperature. After three washes, 
membranes were incubated with appropriate anti-mouse/ 
anti-rabbivanti-goatanti-human Ig-coupled alkaline phos- 
phatase reagent (15000) for 1 h, and the immune reac- 
tion was detected by NBT/BCIP reagents from Promega 
(Madison, WI). 

3 Results 

3.1 Demonstration of IR-induced apoptosis in 
267B1-XR cells 

Treatment of 26761-XR cells with X-rays resulted in de- 
tachment of cells from the monolayer, increasing with 
time after irradiation. At 24 h, the proportion of detached 
cells showing criteria of apoptosis was 8%. At 48 and 
72 h after exposure to 6 Gy of IR, apoptotic cells were ob- 
served at frequencies as high as 18 and 28%. We scored 
for the presence of apoptotic nuclei in DAPI-stained cells 
exemplified by Figs. 1A and 16, representing untreated 
control cells and apoptotic cells at 48 h post irradiation, 
respectively. Typical nuclear abnormalities, such as con- 
densed chromatin, were noted in apoptotic cells (Fig. 1 B). 

3.2 Overview of the differentially expressed 

The effect on protein expression in apoptotic cells was in- 
vestigated next. We performed 2-D PAGE of control and 
apoptotic 26781 -XR cells and compared their protein ex- 
pression profiles upon colloidal Coomassie staining 
(Fig. 2). The overall protein profiles in control and apoptot- 
ic cells appear comparable; however, distinct differences 
in specific proteins characterize the metabolic states of 
control and apoptotic cells. These various spot differen- 
ces can be grouped into two major classes: (i) proteins 
present in control cells and almost undetectable in nonad- 
herent cells (series of spots marked in Fig. 2A; V, K-18 
and K-19), and (ii) proteins with higher levels of accumu- 
lation in the nonadherent cells in comparison to control 
cells (spots marked 1-6 in Fig. 28). Due to the complexity 
and the diversity of proteins exhibiting expression chang- 
es, we have taken a systematic approach to describe pro- 
tein differences in a meaningful order. Primarily, our ap- 
proach involved identification of the two classes of 
proteins marked in Fig. 2. We took advantage of the MJpl 
criteria of differentially expressed proteins together with 

proteins in apoptotic cells 

Figure 1. Demonstration of apop- 
tosis: Fluorescence microscopy of 
DAPI-stained 267B1-XR cells 
(a) before and (b) 48 h after irradia- 
tion with 6 Gy. Control cells display 
uniformly stained nuclei, and ap- 
proximately 20% of irradiated cells 
exhibit chromatin condensation and 
blebbing of the cell nuclei. 
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Figure 2. 2-D PAGE of control and nonadherent 267B1-XR cells: Coomassie blue-stained 2-D gels containing whole cell 
lysates of controlhonirradiated 267B1-XR cells or nonadherent cells (A, B) collected 48 h after treatment with 6 Gy of IR. 
Electrophoresis of cell lysates (200 pg protein) was performed using the Iso-Dalt equipment and methods. Proteins primari- 
ly present in control cells (A: V, vimentin; K-18, keratin 18: and K-19, keratin 19), and proteins missing as well as those 
showing significant increases in apoptotic cells (B: protein spots marked 1-6) are indicated. Actin (M, = 43 kDa, p l =  5.3) is 
denoted by A. Protein identity was confirmed by immunoblot analysis with specific antisera. 

clues provided by the 2-D databases [28] and assigned 
tentative identifications (Table 1). These assignments 
were confirmed by Western blotting of portions of the 2-D 
gels with specific antibodies in each case. Once the na- 
ture of the specific proteins was established, we reasoned 
to provide a plausible interpretation to associate the 
changes in particular proteins with the biochemical and 
morphological phenomena occurring during apoptosis. As 
can be noticed in the text that follows, differentially ex- 
pressed proteins represented either qualitative differen- 
ces (presence or absence), or quantitative differences 
(changes in amount). The latter were evaluated by densi- 
tometric analysis of the specific protein spots. 

3.3 Proteins exhibiting significant decreases in 

A detailed look at the proteins of control cells (Fig. 2A) 
specifically points to proteins marked V (pl 4.9, M, 54 
kDa), K-18 (pl5.4, M, 48 kDa), and K-19 (p14.9, Mr 39 
kDa), present in significant amounts, while they are al- 
most undetectable in the nonadherent cells. At the same 
time, protein marked K-8 (p15.5, M, 52 kDa) shows only a 
marginal difference in its intensity in control and apoptotic 
cells. These abundant proteins with their pllM, values and 
2-D gel locations correspond to vimentin and keratins 8, 

apoptotic cells 

18, 19, respectively. The isoform variation of these inter- 
mediate filament (IF) proteins is due to phosphorylations 
at serine residues [29]. By virtue of the epithelial nature of 
26781 -XR cells, they express keratins 8, 18 and 19 (261. 
Keratins 18 and 19 have recently been shown to be sus- 
ceptible to proteolytic cleavage by members of the cys- 
teine protease family, particularly by caspase-6 [ l l ,  12, 
221. These two type-I keratin family members exhibit cas- 
pase cleavage sites at VEVD representing P4-P1 motifs 
(at residue 258) of the protease recognition sites. More- 
over, these common sequence motifs for recognition by 
caspases are shared by other members of the intermedi- 
ate filament family of proteins, including several other 
type-I keratins and vimentin as well. Our recent reports 
documented that keratins 18, 19, and vimentin are candi- 
date substrates of caspase-mediated proteolysis in the 
apoptotic 267B1-XR cells. 

The ubiquitous family of 14-3-3 proteins that interact with 
keratin IF polypeptides are expressed in epithelial cells 
[ l  1, 29-31]. We evaluated the status of 14-3-3 proteins in 
cells that lost attachment to the substratum while exhibit- 
ing criteria of apoptosis. To increase the sensitivity of de- 
tection of these less abundant proteins, we metabolically 
labeled the 267B1-XR cells prior to exposure to IR. Sub- 
sequently, we analyzed control and nonadherent cells col- 
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Table 1. Criteria of proteins exhibiting apoptosis-associated differential expression 

Protein W P  I Cellular location-role/ 
identity apoptotic response 

Decreased in apoptotic cells 
48/5.4 IF proteins/caspase substrate 
40/4.8 IF proteins/caspase substrate 
65/5.0 IF proteins/caspase substrate 

113/8.8 DNA repairkaspase substrate 
101/7.5 DNA repaidcaspase substrate 
36/4.4 Actin stress fibers/disassembly 
3414.5 Actin stress fibers/disassembly 
30/4.1-4.6 Adapter; isoform specific/proteolysis 

Increased in apoptotic cells 
g r p ~  ( I ) ~ '  b, dl 94/4.8 ER chaperones/stress response 
Calnexin (21~. b, d, 100.0/4.4 ER chaperones/stress response 
Calreticulin (31a, b, d, 63/4.1 ER chaperones/stress response 
PDI (5)a, b, d, 56/4.6 ER chaperones/stress response 

grp7ab) 7414.9 ER-chaperones/stress response 
grp7sb) 68/5.5 Mit-chaperones/stress response 
hsp90b, ') 90/5.0 Cyt-chaperone/stress response 
hsp70b) 66/5.1-5.3 Mit-chaperone/stress response 
hsp27" 27-30/4.6-5.5 Cyt-chaperone/stress response 
Proteasome ab) 29/43 Prosomes-proteolysis/un known 
Proteasome pb) 36/5.4 Prosomes-proteolysis/un known 

Protein expression levels in control and apoptotic cells based on (indicated as superscript): 
a) Coomassie blue stain coupled with Western analysis 
b) Autoradiography of metabolically labeled cells followed by Western analysis 
c) 1 -D gel blots 
d) Densitometric quantitation of the protein intensities in autoradiographs of control and 

For the proteins showing increase in apoptotic cells, the numbers (1-5 in parenthesis indi- 
cate the designation given to the corresponding protein spots in Figs. 2 and 4. Identities of 
each of the proteins were confirmed by Western analysis. 
Abbreviations: IF, intermediate filaments; PARP, poly(ADP-ribose)polymerase; PDI, protein 
disulfide isomerase; grp, glucose-regulated protein; hsp, heat shock protein; topo-I, topoiso- 
merase; Tm, tropomyosin isoforms; ER, endoplasmic reticulum: mit, mitochondrial; cyt, cyto- 
plasmic 

Not altered in apoptotic cells 

~ ~ _ _  

apoptotic 267B1-XR cells. 

lected 24 h after IR exposure by 2-D PAGE. As can be 
seen in autoradiographs, proteins marked by double ar- 
rows in control cells (Fig. 3A) show an apoptosis-associ- 
ated decrease in intensity (Fig. 38). Figures 3C and 3 0  
show Western blot analysis of specific areas of these 2-D 
gels; immunoreactive 14-3-3 proteins correspond to the 
spots indicated in the autoradiographs. Further, certain 
additional low molecular weight isoforms of 14-3-3 pro- 
teins are noticed in the apoptotic cells (marked in paren- 
thesis: compare Fig. 3C and D). Recent studies indicate 
that IF proteins are also associated with several inter- 
mediate filament-associated proteins (IFAPs) [32], multi- 
catalytic protease complexes called proteasomes [33] 
and heat shock proteins [34]. It has been suggested that 
the IF network serves the function of a docking matrix 
whre cellular processes can occur [32]. When portions of 

these 2-D gel blots were probed with antibodies to a- and 
P-subunits of the proteasome (Pr-a and Pr-p; shown in 
Fig. 3A), no detectable changes in the levels of these pro- 
teasome subunits were noted in apoptotic cells. At the 
same time, Tm-1 and Tm-3 members of the family of actin 
filament-binding proteins (Fig. 3A and 3B), show a signifi- 
cant decrease (8590%) in the dying 267B1-XR cells, 
demonstrating deterioration of microfilament architecture. 

Note that switching from Coomassie blue staining to met- 
abolic labeling for detection of differential protein changes 
in the apoptotic cells allowed new insights. In particular, 
not all proteins that were detected by Coomassie blue 
staining were visible with equal intensity in the rnetabol- 
ically labeled protein profiles. We interpret this to mean 
that certain proteins were not translated de novo in signifi- 
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Figure 3. Status of 14-3-3 proteins in control and apop- 
totic 267B1-XR cells: Protein lysates (100 pg) spiked with 
5 x lo5  cpm of [35S]methionine from control and nonad- 
herent cells were subjected to 2-0 PAGE, transferred to 
PVDF membrane, and exposed to X-ray film for 5-7 days 
at -7OOC. lmmunoblots were developed for the corre- 
sponding 2-D gel areas as described in Section 2.5. Posi- 
tive spots on immunoblots were matched to autoradio- 
grams. (A) and (B): autoradiographs of portions of 2-D 
gels; (C) and (D): Western blots of 2-D gel areas of con- 
trol and nonadherent samples, respectively, with antisera 
to 14-3-3 proteins. Tm-1 and Tm-3. isoforms of tropomyo- 
sin; Pr-a and Pr-p, a- and p-subunits of proteasome, re- 
spectively. The identity of a protein spot marked by arrow- 
head in (B) is not known. 

cant quantities during the period of 16 h pulse, and any 
possible chain elongations in this set of proteins were 
marginal. Therefore, certain proteins well detected by pro- 
tein stain and not as well by metabolic labeling were due 
to accumulations of the endogenous amounts in the cell 
prior to metabolic labeling. 

3.4 Proteins elevated in the apoptotic 26781- 

The set of proteins marked 1-6 represent candidates al- 
most undetectable in control cells while showing higher 
levels in the nonadherent cells (Fig. 28). Their p/ and M, 
criteria are shown in Table 1. Based on the 2-D gel data- 
base identifications, protein spots marked 1,2 and 3 were 
tentatively identified as grp94 , calnexin and calreticulin, 
respectively. When metabolically labeled cells were ana- 
lyzed to compare the levels of expression of these pro- 
teins (Fig. 4A and B), results obtained (see Fig. 28) by 
Coomassie staining are emphasized. In particular, pro- 
teins marked 1, 2 and 3 show approximately 2-fold in- 
creases, while polypeptides 4, 5, 6 exhibit extensive iso- 
form variation. These isoforms are better seen in the 
Coomassie blue-stained gels (Fig. 28) than in the autora- 

XR cells 

diographs (Fig. 48). We performed immunoblots of por- 
tions of these 2-D gels covering the areas of spots 1, 2, 3 
and 5 with specific antibodies to grp94, calnexin, calretic- 
ulin, and PDI (Fig. 4C-F). These four proteins have a 
unique feature in common in that they represent members 
of the ER compartment. Furthermore, while proteins 4, 5, 
and 6 represent targets of extensive post-translational 
modification in the apoptotic cells, the nature of their mod- 
ification is not known. We interpret this to mean that they 
are primarily glycosylated in addition to other possible 
modifications such as phosphorylation. Our interpretation 
is based on the fact that they are members of the ER 
compartment and the isoforms are rendered more acidic. 
Moreover, these extensively modified isoforms are not in- 
dicated at detectable levels in the autoradiographs show- 
ing [35S]methionine incorporation into intact protein. The 
identities of protein spots marked 4 and 6 in Fig. 2B are 
not known. 

The expression of the ER chaperones (grp78, grp94) is 
coordinatedly regulated, while that of mitochondria1 chap- 
erones (grp75, hsp70) is also known to be responsive to 
stress [36-381. To clarify the status of these additional 
chaperones in the apoptotic 267B1-CR cells, we per- 
formed Western blotting with specific antibodies to grp78, 
grp75, and hsp70 (proteins marked 7, 8, and 9 in Fig. 4A 
correspond to immunoblots in Fig. 4G-I, respectively), 
while simultaneously comparing the autoradiographs of 
the control and apoptotic cells for the intensities of the 
corresponding spots. Our data revealed that relative lev- 
els of these chaperones were comparable in control and 
apoptotic cells. 

3.5 Specificity of protein changes in apoptotic 
cells 

While we report apoptosis-associated cleavage of IF pro- 
teins and increased accumulation of chaperones of the 
ER compartment, it is relevant to demonstrate the occur- 
rence of protein changes that represent part, of the well- 
established phenomena of cell death. We therefore as- 
sessed ICE-mediated limited cleavage of enzymes of the 
DNA-repair pathway, namely poly(ADP4bose) polymer- 
ase (PARP) and topoisomerase-I [6-71 in apoptotic 
267B1-XR cells. Figures 5A and B show the characteristic 
generation of the 89 kDa and 72 kDa C-terminal frag- 
ments (lane 3 in each case) of the 113 kDa and 101 kDa 
native enzymes (lanes 1 and 2 in each case), respective- 
ly, as a result of limited cleavage by caspases. At the 
same time, the status of additional members of the heat 
shock family of proteins, namely hsp90 and hsp27, with 
chaperone functions remained unchanged (Fig. 5C and 
D). 
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Figure 4. Differential protein expression during apoptosis: (A, B) Autoradiographs of portions of 2-D 
gels containing total cell lysates of control and apoptotic 267B1 -XR cells, respectively. lmmunoblots 
in (C)-(I) demonstrate the identities of proteins grp94 (protein 1); (D) calnexin (protein 2); (E) calretic- 
ulin (protein 3); (F) protein disulfide isomerase (protein 5); (G) grp75 (protein 7); (H) grp78 (protein 8); 
(I) and hsp70 (protein 9). Proteins 1-9 in (B) correspond to proteins thus indicated in (A) and (B) pro- 
teins marked 7, 8, and 9 in (A) represent locations of grp75, grp78, and hsp70, respectively, as 
judged by Western blotting. For proteins 1-3, 5, and 7-9, blots of the nonadherent cells were probed 
with specific antibodies. 

4 Discussion 

Knowledge of the identities of candidate proteins may re- 
veal clinically useful targets of apoptosis, particularly if 
common mechanisms of action can be identified for these 
proteins. The overall response of prostate epithelial cells 
during IR-induced apoptotic cell death represents the 
composite of changes in protein breakdown and synthe- 
sis. Our present study addressing the status of protein ex- 
pression in an in vitro prostate model system, defined to 
represent apoptosis due to IR, revealed more than ten 
proteins exhibiting significant quantitative and qualitative 
changes associated with known events during the execu- 
tion phase of apoptosis. Furthermore, 2-D PAGE offered 
an excellent window to observe proteolytic breakdown of 
IF proteins and accumulation of ER-resident molecular 
chaperones simultaneously in the apoptotic cells. 

4.1 Changes in cytoskeletal proteins 

The IF-NM network provides the structural frame work of 
the cells. Keratin filaments predominate the epithelial cell 
phenotype. Acidic keratins - type I (K 10-20), and basic 
keratins - type I1 (K 1-9), type Ill (vimentin), and type V 
(lamins) proteins assemble, forming the IF network [32]. 
Lamin proteolysis by Mch-P/caspase-6 was well docu- 
mented as a requirement for packaging of the condensed 
chromatin into apoptotic bodies. Recent studies reported 
fragmentation of type I keratins [II-121 in several in vitro 
model systems induced to undergo apoptosis. Our recent 
studies using the 267B1-XR cells pointed out that proteol- 
ysis of vimentin is a component of the apoptotic process 
as well. In the present study we observe confirmation of 
the apoptosis-associated breakdown of keratins 18, 19 
and vimentin in the 26781-XR cells. 
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spectrin, fodrin, and gelsolin, are attacked by caspases 
during apoptosis (71. 

Figure 5. Caspase cleavage of PARP (Parp) and topoi- 
somerase-I during apoptosis. Fifty pg protein from control 
and apoptotic cells were subjected to SDS-PAGE on 10% 
polyacrylamide gels, blotted to PVDF membranes, and 
immunoblotted with specific antibodies. Western blot 
analysis was carried out with (A) anti-PARP, (B) topo-I, 
(C) hsp90, and (D) hsp27 antibodies in control, adherent, 
and nonadherent (lanes 1-3, respectively) 26781 -XR 
cells 48 h after receiving a 6 Gy dose of IR. 

Proteasomes, 14-3-3 proteins, and actin microfilaments 
have all been reported to be closely aligned with keratin 
intermediate filament network [ l  1, 291. The association of 
14-3-3 proteins with keratin monomers is dependent on 
the phosphorylation status of keratins. It is of significance 
that certain isoforms of 14-3-3 proteins exhibit apoptosis- 
associated changes in the 26761 -XR prostate cell system 
used in the present study. Current knowledge of the par- 
ticipation of proteasomes during apoptosis is still being 
debated, either suggesting a direct role [36], or lack of in- 
volvement [35]. Our present data indicate no significant 
changes in the amounts of a- and P-proteasome subunits 
during apoptosis of the 26761-XR cells. At the same time, 
it is well accepted that limited proteolysis of several actin- 
binding proteins assists in the disassembly of the IF-NM 
network of the apoptosing epithelial cells. Note the signifi- 
cance of our results: there is a marked decrease (85- 
90% in specific isoforms of tropomyosins (Tm-1 and Tm- 
3), a family of actin-modulating proteins, in the 267B1-XR 
cells undergoing programmed cell death (Fig. 3A, B). A 
decrease in the actin filament binding/modulating' proteins 
with intact proteasome components, and altered isoform 
distribution of 14-3-3 proteins, thus points to the specifici- 
ty of apoptotis-associated protein changes and is consis- 
tent with the fact that other actin-binding proteins such as 

4.2 Changes in ER chaperones 

ER is a major Ca storage site within the cell; the resident 
proteins of the ER assist in the maturation of secretory 
proteins destined for other subcellular compartments or 
for the extracellular space. These major molecular chap- 
erones mediate insertion through the ER membrane, car- 
ry out post-translational modifications such as glycosyla- 
tion, proteolytic trimming, and disulfide bond formation, 
and they assist in folding and assembly of secreted and 
integral membrane proteins. 

A homologue of the hsp9O family members in the ER Iu- 
men, grp94, is inducible by various forms of stress [38]. 
The pair of chaperones, grp94 and grp78, appear as pro- 
totypes of a class of genes that are coordinatedly regulat- 
ed by signal transduction pathways originating in the ER 
and traveling to the nucleus. Differential levels of induc- 
tion of grp94 and grp78 were reported in response to 
thapsigargin, an inhibitor of Ca uptake into the ER, or by 
ethanol-induced stress [38, 40, 411. In the present report, 
we identify grp94 and not grp78 as one of the proteins 
with elevated levels during apoptosis. Induction of grp75 
has been reported within 30 min of receiving 0.25 Gy of 
IR and this response continued until 6 h post-irradiation. 
This particular event has been associated with radiore- 
sistance phenotype, and antisense oligos directed toward 
the initiation codon of PBP 74 sensitized HT29 cells to IR 
[18]. The constitutively expressed members of the highly 
conserved hsp70 family (hsp70, grp75) are not altered 
during mid-late phases of apoptosis execution in the pres- 
ent prostate epithelial cell system. 

Calreticulin and calnexin, both members of the ER com- 
partment, exhibit certain similarities in their primary struc- 
ture and appear to function together in the post-transla- 
tional processing of proteins [37]. Regulation of 
calreticulin expression has been shown to be mediated by 
different pathways in response to agents that disturb nor- 
mal ER functioning [42, 431. Calnexin is a highly con- 
served, 90 kDa membrane-bound lectin and a molecular 
chaperone that binds newly synthesized glycoproteins in 
the ER. Our present data points out that these two related 
proteins show increased accumulation in the apoptotic 
267B1-XR cells. PDI, another ER protein, has both chap- 
erone and isomerase/foldase activities. PDI acts catalyti- 
cally to both form and reduce disulfide bonds as part of its 
isomerase activity [39]. A 2-fold increase in the accumula- 
tion of this protein is observed in the apoptotic 267B1-XR 
cells in the present report. 
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4.3 Cellular roles of the differentially expressed 

Breakdown of IF proteins and components of the actin cy- 
toskeleton solubilize cell contents in preparation for the fi- 
nal disposal of the apoptotic epithelial cells [6-8. 11-12]. 
The chaperone induction is an ER stress response and is 
partly independent of the proteolytic responses occurring 
during the execution phase of apoptosis [13-161. In- 
creased transcription/translation including protein stabili- 
zation have been implicated as being responsible for the 
observed increases in their levels [36-38, 40-441. Molec- 
ular chaperones and components of the cytoskeleton, 
both collections of polymeric structures, are often found in 
association (201. In the context of apoptosis of epithelial 

cells, where specific proteolysis, disassembly of cytoarch- 
itecture takes place in phases, any or all of the proposed 
roles of the molecular chaperones (preventing protein de- 
naturation, dissociating protein aggregates, refolding 
monomers derived therefrom or directing their proteolytic 
destruction) [19, 201 could be operational. Chaperones 
appear to have different but cooperative roles in the for- 
mation and function of the eukaryotic cytoskeleton, and 

thus the concept of looking at them as indicators or bio- 
markers of cell deathhnjury is particularly valid. In conclu- 
sion, the results of the present study imply that solubiliza- 
tion of the cellular cytoskeleton by the action of cysteine 

proteases, and disturbance in calcium homeostatis. are 
probably significant factors in the nature of proteins exhib- 
iting changes in intensities during the execution phase of 
apoptosis. 
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Prostate-specific antigen (PSA), the main marker for prostate cancer (PCa), is re- 
leased from the prostate into the blood stream at nanogram level and may increase in 
PCa and nonmalignant disease such as benign prostate hyperplasia (BPH). More re- 
cently, advantage was taken of PSAs ability to bind to protease inhibitors in serum in 
order to improve discrimination between PCa and BPH, using the free PSA to total 
PSA ratio. The understanding of this phenomenon at molecular level, which is still un- 
known, may promise new improvements in the field of diagnostics. For this purpose, 
we determined the pattern of PSA forms in PCa and BPH sera, using the high resolving 
power of two-dimensional electrophoresis (2-DE) in conjunction with the high sensitivi- 
ty of chemiluminescence detection. Serum PSA differs drastically from seminal PSA: 
apart from complexed forms, serum PSA shows few cleaved forms. Moreover, 2-DE 
patterns from PCa are relatively homogeneous, whereas patterns from BPH may in 
some cases present a higher proportion of cleaved forms and in other cases present 
slightly more basic spots. We therefore demonstrated, for the first time, that an in- 
crease in the free to total PSA ratio in BPH cases may be due to cleaved PSA forms 
(which are enzymatically inactive and unable to bind inhibitors), or possibly related to 
basic free PSA, which may represent the zymogen forms. 

Keywords: Two-dimensional polyacrylamide gel electrophoresis / Prostate-specific antigen / 

Prostate cancer / Benign prostate hyperplasia / Diagnosis EL 3332 

1 Introduction 

Prostate-specific antigen (PSA) is the main marker for the 
diagnosis and monitoring of prostate cancer (PCa) [l , 21 
which is the most commonly detected cancer, and the 
second leading cause of cancer deaths in men in Western 
countries [3]. PSA is a 30-34 kDa chymotrypsin-like ser- 
ine protease [4], mainly produced by the epithelial cells of 
the prostate [5], and it consists of 237 amino acids and 
one Klinked carbohydrate chain [6] with various isoforms 
(plfrom 6.8 to 7.5) [7]. It may display peptide chain clea- 
vages, which lead to enzymatically inactive forms [a], but 
the fragments require reducing conditions to be dissociat- 
ed because of five internal disulfide bonds [9]. PSA is 
found in seminal liquid at concentrations ranging from 
0.5 to 5 mg/mL [lo] and is released into the blood stream 
at a 1 000 000 times lower rate [l 11. Its concentration in 
serum may increase drastically in cases of PCa and mod- 
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Abbrevlatlons: ACT, a,-antichymottypsin; BPH. benign pros- 
tate hyperplasia; DAB, 3,3-diaminobenzidine; d M ,  a,-macroglo- 
bulin; PCa. prostate cancer; PSA, prostate-specific antigen: 
PSA-ACT, PSA bound to ACT 

erately in cases of nonmalignant disease such as benign 
prostate hyperplasia (BPH) [l , 21. However, the overlap- 
ping zone between the different pathologies is responsi- 
ble for a false positive rate of 65% and a false negative 
rate of 20-25% for the general prostate cancer popula- 
tion, and a false negative rate of 3045% for patients with 
organ-confined - and potentially curable - prostate can- 
cer [2, 121. 

More recently, PSA in serum was shown to bind massive- 
ly to protease inhibitors such as a,-antichymotrypsin 
(ACT) and a2-macroglobulin (a2M) [13, 141. Moreover, 
the use of the free PSA to total PSA ratio - where total 
PSA means free PSA plus PSA bound to ACT (PSA- 
ACT) - was found to increase diagnostic specificity by 
2535% [14, 151. 

However, the reasons for the pathology discrepancy of 
PSA complexation in serum are still unknown at the mo- 
lecular level; an understanding of these bases, however, 
may promise new improvements in specificity and sensi- 
tivity. In order to attain this, we determined the pattern of 
PSA forms in the serum of patients with PCa or BPH, 
using the high-resolution power of two-dimensional elec- 
trophoresis (2-DE) in conjunction with the high sensitivity 
of chemiluminescence detection. As our objective was to 
observe PSA-ACT, free PSA and cleaved PSA on the 
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same image, we had to develop a possibility of detecting 
with an analytical resolution around ten picograms of 
PSA. This was achieved through the latest improvements 
of 2-DE by loading 100 pL of serum during the rehydration 
of the immobilized pH gradient (IPG) gel 1161 and by using 
thiourea in addition to urea, CHAPS, DTT and Ampholine 
as sample buffer [17]. 

2 Materials and methods 

2.1 Chemicals and materials 
Total PSA and free PSA were determined using the TPSA 
Vidas immunoassay kit and the fPSA Vidas immunoassay 
kit, respectively (bioMBrieux, Marcy L'Etoile, France). Im- 
mobiline Dry-Strip pH 3-10, 18 cm nonlinear, dry-Strip kit 
and Multiphor I1 used during the first dimension were from 
Pharmacia Biotech (Uppsala, Sweden). Second-dimen- 
sional vertical gels were cast into a multi-casting chamber 
(Bio-Rad, Hercules, CA) using acrylamide from Serva 
(Heidelberg, Germany) and 1,4-Bis(acryIoyl)piperazine 
(PDA) from Bio-Rad. The Protean II xi system for SDS- 
PAGE, the Trans-blot system for protein blotting, the 
Fluor-S, the GS-700 densitometer, the Multi- Analyst, and 
the Melanie II software for membrane and gel analyses 
were also obtained from Bio-Rad. Western blot was 
achieved on Immobilon-P membrane (Millipore, Bedford, 
MA, USA). Peroxidase-labeled secondary antibody was 
from Jackson Immuno-Research Laboratories (West 
Grove, PA, USA). The peroxidase substrates, Super Sig- 
nal Ultra for luminescence and ImmunoPure Metal En- 
hanced DAB (3,3'-diaminobenzidine) for colorimetric de- 
tection, were from Pierce (Rockford, IL, USA). All others 
chemicals were of the highest purity grade from Sigma 
(St. Louis, MO, USA) or Merck (Darmstadt, Germany), 
except carrier ampholytes Servalyt 4-9, which were from 
Serva. 

2.2 Sample preparation 

Human semen was allowed to liquefy for 1 h at room tem- 
perature and was then centrifuged at 10000 x g for 
20 min to remove spermatozoa. Supernatants were stor- 
ed at 4O0C before analysis. Ten pL of seminal plasma or 
100 pL of serum were boiled for 5 min with 10 FL or 
50 pL, respectively, of 10% SDS, 2.3% DTT. Next, sam- 
ple volume was completed to 500 pL with a dry-strip rehy- 
dration solution (8.3 M urea, 2 M thiourea, 4% CHAPS, 
100 mM DTT, 2% Servalyt 4-9, 1 mg/L Orange G). Thio- 
urea, in addition to other chaotrops and detergents, first 
introduced in order to prevent the loss of membrane pro- 
teins (171, was used here to maintain the high resolution 
of 2-DE when loading large serum volumes on wide- 
range pH 3-1 0 nonlinear IPG. 

2.3 IPG gel strip rehydration with sample 

The dry IPG strips were laid on the sample solution previ- 
ously loaded into a 20 cm long glass tube, covered with 
paraffin oil and allowed to rehydrate overnight. Rehydra- 
tion in an individual glass tube was preferred to rehydra- 
tion in a grooved reswelling chamber [18], to avoid cross 
contamination from proteins previously adsorbed on the 
methacrylate surface, due to the large serum load (data 
not shown). 

2.4 2-DE running and electrotransfer 

2-DE was run as described by Bjellqvist et a/. [19] with 
some modifications. During the first dimension, a linear in- 
crease from 100 V to 3500 V within 8 h and a focus step 
at 6000 V for 80-100 kVh was performed. Homogeneous 
12%T, 2.8%C gels were used for the second dimension. 
Gels were either silver stained [19] or transferred in a tank 
using Matsudaira buffer [20] to a PVDF membrane for 
one night at 1 A. Temperature was maintained at 15OC 
throughout the experiment. 

2.5 lmmunodetectlon of PSA 

The membrane was incubated for 1 h with a blocking sol- 
ution (15 mM Tris, 0.14 M NaCI, 0.5 mUL Tween 20, pH 
8.0, 5% nonfat milk) and subsequently processed for an 
additional hour with an anti-PSA monoclonal antibody di- 
luted at 10 pg/mL in the blocking solution. This antibody 
was especially selected for its ability to detect all PSA 
forms and was shown to recognize an epitope on the 
Nterminal side of the molecule (submitted for publica- 
tion). The membrane was washed with the blocking sob- 
tion, and was incubated for 1 h with the peroxidase- 
labeled anti-mouse antibody diluted 15000 in blocking 
solution. After washing out the secondary antibody, the 
PSA spots were detected using a colorimetric substrate 
for seminal liquid or a chemiluminescent substrate for 
serum. Depending on the total PSA concentration, chemi- 
luminescent detection was performed using the Fluor-S 
system for 1 min to 1 h using a high sensitivity threshold 
and a 2.8 aperture for the lens. For quantification purpos- 
es, the acquisition durations were elected to avoid any 
saturation of the images. PSA spots were later selected, 
quantified, and subtracted from the local background 
using the Multi-Analyst software. 

2.6 Positioning of PSA spots 

In order to allow a precise localization of PSA spots on 
2-DE maps, all the proteins present on the membrane 
were stained with Amido Black [21] after specific probing. 
The specific colorimetric detection with DAB followed by 
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Amido Black staining led to nonambiguous positioning be- 
cause of a greedblack or a blue/black aspect of PSA ver- 
sus other proteins spots, whereas, after specific revela- 
tion by chemiluminescence, the Amido Black-stained 
membrane needed to be scanned and stacked with the 
PSA chemiluminescent image using Melanie I1 software 
[22]. Subsequent alignment between membranes and 
gels from different samples was performed using previ- 
ously identified proteins [23]. 

3 Results and discussion 

3.1 Sensitivity of PSA detection 

Using classical analytical 2-DE gels [19], it was not possi- 
ble to observe all the complex, free, and cleaved forms of 
PSA in serum (data not shown). Indeed, considering that 
generally 10-30% of PSA is free and that only a lower 
proportion is cleaved, the 2-20 ng/mL overlapping zone 
between benign and malignant prostate diseases re- 
quired detection of PSA in the 100-1000 fg range. By in- 
creasing the sample volume to 100 pL, we were theoreti- 
cally able to move this range to 10-100 pg. However, the 
dramatic loss in protein recovery and resolution occurring 
during a micro-preparative 2-DE using a wide pH range 
as first dimension, made this approach generally unusa- 
ble. The use of a narrow pH range was shown to solve 
this problem [24], but it multiplies gel and serum con- 
sumption. We therefore preferred to improve protein s o b  
bilization in 3-10 IPG by rehydrating gels directly with 
both the sample [16] and a solution containing thiourea, 
urea, and detergents [17]. 

In the serum, this approach led us to observe on the same 
image the PSA-ACT, the free PSA. and the cleaved PSA 
forms, up to around 10 pg (Fig. 1). and in a large PSA 
concentration range (Table 1). Notably, other authors de- 
scribed only one [25] or no [26] cleaved forms, in spite of 
pooling serum from patients with advanced PCa and per- 
forming additional PSA enrichments using affinity purifica- 
tion. Moreover, the sensitivity required to address PSA 
patterns in BPH serum or in the overlapping zone be- 
tween pathologies had never been reached previously. 

Table 1. Quantified PSA forms in patients with PCa or BPH 

Figure 2-DE Western blot of serum PSA forms from 
patient with PCa (total PSA: 4000 ng/mL; free PSA: 
567 ng/mL). Detection by chemiluminescence. Molecular 
mass in kDa on the right, isoelectric points at the bottom. 

3.2 Serum versus seminal liquid PSA forms 

In seminal plasma from healthy donors, PSA was shown 
to present five mature and intact isoforms with a molecu- 
lar mass around 32 kDa, and to contain numerous 
cleaved forms with a molecular mass ranging from 10- 
31 kDa (Fig. 2). This observation is in agreement with 
previous 2-DE observations [27, 281. However, depend- 
ing on individuals, the number and the amount of 
cleaved forms may vary but are still in significant quantity 
(data not shown). On the other hand, in PCa and BPH 
sera (Figs. 1 and 3), the proportion of cleaved forms re- 
mains very small. Note that cleaved forms detected us- 

Samples Patient 1 

Pathology PCa 
Total PSA (ng/mL) 3120 
Free PSA (ng/mL) 151 
Cleaved PSA (ng/mL) 5.98 
Free/total PSA (%) 4.8 
Cleaved/free intact PSA ("1.) 4.12 

Patient 2 

PCa 
71 3 
104 
2.44 
14.5 
2.4 

Patient 3 

BPH 
3.9 
0.87 
0.16 
22.3 
23.4 

Patient 4 

BPH 
5.7 
1.12 
0.14 
19.6 
13.8 
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Figure 2. 2-DE of human seminal liquid. Detection using (A) silver staining or (B) Western blotting and PSA probing. 

ing Western blot (Figs. 1, 28 and 3) are mainly intact in 
the Nterminal sequence because of antibody specifica- 
tions and may not be considered as the full cleavage 
pattern. In other respects, spots of free intact PSA ap- 
pear similar in both fluids and seem to be essentially 
composed of spots with comparable patterns to enzy- 
matically active spots [29], whereas spots of PSA-ACT, 
only described in blood, are only visible on the acidic 
side of the serum pattern (Fig. 1). 

3.3 PCa versus BPH PSA forms 

When comparing serum from different patients, PSA-ACT 
leads to similar spots with only quantitative discrepancy 
(data not shown). In the same way, free intact PSA pat- 
terns from cancer patients are relatively homogeneous 
(Figs. 1, 3A, 38). The three major spots on each image 
were estimated to be at 32 kDa and p l  ranging from 6.6 to 
6.9. On the other hand, free PSA from BPH may present 
more acidic spots, with a p/ ranging from 6.35 to 6.55 
(Fig. 3C), or more basic and heavy spots, with a p l  rang- 
ing from 6.7 to 7.0 and a molecular mass estimated at 
32.3 kDa (Fig. 3D). The more acidic spots may be related 
to a post-translational modification such as an abnormal 

phosphorylation or glycosylation in BPH tissues. The lat- 
ter hypothesis may be supported by the higher capacity of 
PSA, in BPH serum, to bind to concanavalin A [30] and by 
an isoelectric shift following neuraminidase treatment 
[31], although these criteria were shown to be inappropri- 
ate in effectively distinguishing BPH from PCa [32, 331. 
On the other hand, the more basic and heavy spots may 
be related to the zymogen form of PSA shown to present 
3-7 additional amino acids in the Nterminal position [34]. 
Indeed, the pro-PSA, involving an arginine in -1, may 
present a 0.2 pH unit shift of its isoelectric point following 
a theoretical calculation [35]. However, the main differ- 
ence between PCa and BPH serum seems to be the high- 
er proportion of cleaved forms in BPH. Table 1 shows that 
the cleaved to free intact form ratio is over 13% in BPH 
cases whereas it is lower than 5% in PCa cases. More- 
over, the diversity of cleaved forms suggests the action of 
various proteases and perhaps a difference in the kinetic 
or contact time depending on the pathology. Indeed, in 
comparison with PCa, PSA was shown to be entrapped 
longer in the cystic-like dilated BPH gland [36], which 
means PSA may remain in contact with prostate endoge- 
nous protease for a longer time in BPH cases before 
being released into the circulation. 
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Figure 3. 2-DE of free and cleaved serum PSA forms for patients listed in Table 1. (A) PCa patient 1, (B) PCa patient 2, 
(C) BPH patient 3, (D) BPH patient 4. Detection by Western blot and chemiluminescence. The raw images, with 4096 levels 
of gray, are magnified to allow the observation of both cleaved and intact PSA forms. The gray scales are therefore not 
exactly comparable and the amount and proportion of PSA forms should be read in Table 1. Cleaved PSA forms are la- 
beled with arrows, identified proteins are indicated with the following abbreviations: intermediate segment of the heavy 
chain of y-immunoglobulin as IgG S, apolipoprotein A-1 as ApoA-1, haptoglobin a2 chain as haptoglobin a2, immunoglobu- 
lin K light chain as lg light. 

3.4 Improving diagnosis using inactive PSA 
forms 

The main point in improving the discrimination between 
PCa and BPH was to better understand why the free PSA 
to total PSA ratio varies between pathologies. Data re- 
ported here show a higher proportion of cleaved or zymo- 
gen forms in cases of BPH, which means a higher propor- 
tion of forms that are enzymatically inactive and unable to 
bind to ACT. However, these forms are in much lower 
proportion than the free 32 kDa - potentially intact and 
mature - PSA forms. Further investigations will be re- 
quired to know if these forms are really enzymatically ac- 

tive or not, as suggested by other authors [26]. However, 
taking into consideration previous studies, part of the free 
intact PSA may conceivably be active. Indeed. PSA 
seems to bind reversibly to ACT as shown by the in vitro 
dissociation of the complex and by the higher stability of 
pure PSA-ACT in the presence of excess ACT [37]. When 
it dissociates, ACT may lose its inhibitory property [38]; in 
blood however, an excess over PSA should not affect the 
association and dissociation rate. Nevertheless, in vivo, 
free PSA and PSA-ACT do not often seem to reach an 
equilibrium, probably due to the extremely low binding ki- 
netics [39], or to the dependence of the PSA release rate 
on the prostate tissue origin [40], or possibly to the higher 
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proportion of ACT in PCa cells 1411. These equilibrium 
shift hypotheses may be supported by a decrease in free 
PSA, whereas total PSA remains almost stable in sera 
stored at 4OC [42]. 

We therefore assume that free PSA may be divided into 
three parts: (i) inactive forms (cleaved or zymogen), (ii) 
active forms in equilibrium with bound forms, and (iii) ad- 
ditional active forms due to an equilibrium shift. PSA 
derived from the second case seems to be the most 
important part and must be proportional to PSA-ACT con- 
centrations. Free PSA concentrations may therefore pres- 
ent a higher correlation with PSA-ACT or total PSA con- 
centrations than the inactive forms alone. For this reason, 
and in line with our initial data, the use of an inactive PSA 
I free PSA ratio may lead to more discriminating markers 
than the classically used free PSA / total PSA ratio. 

4 Concluding remarks 

Performance of analytical 2-DE despite micro-preparative 

loading onto IPG wide-range pH 3-10 gels, made it possi- 
ble to demonstrate for the first time that the increase in 

the free PSA / total PSA ratio in some BPH cases may 
either be due to cleaved PSA or be related to more basic 

spots which may possibly be the zymogen forms. The im- 
plication of this observation for the diagnostic field will re- 
quire further investigations on a larger number of sam- 
ples, but we are now confident that the association of a 
marker which is mainly organ-specific, such as PSA, with 

post-translational events in relation with pathologies, will 
lead to more powerful cancer markers. Furthermore, in 
the field of prostate diseases, we hope that this strategy 
will lead to a higher detection rate of organ-confined and 
potentially curable PCa and a lower rate of unnecessary 
biopsies for BPH patients. 

We wish to thank Drs. M. C. Pinatel and J. Passagot 
for providing us with human samples, Drs. N. Piga and 
G. SibaR teams for providing us with the purified mono- 
clonal antibody against PSA, and C. Micolaud for assis- 
tance with the translation. 
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A novel isoform ratio switch of the polypyrimidine 
tract binding protein 
In this report we present evidence for a novel switch in the ratio of the two major iso- 
forms of the polypyrimidine tract binding protein (PTB) in two related prostate cancer 
cell lines. The existence of different isoforms of PTB is thought to be the result of alter- 
native splicing. We used UV cross-linking to identify a PTB doublet in the DT3 cell line, 
which is a rat prostate epithelial cancer line that is androgen-dependent and nonrneta- 
static. The AT3 cell line, a metastatic, androgen-independent cell line derived from the 
same tumor as the DT3 cells, was noted here to have a different isoform ratio of PTB. 
The two most prevalent isoforms of PTB were found to bind to an RNA probe contain- 
ing a pyrimidine stretch. Western blot analysis demonstrated that these isoforms are 
indeed expressed differently in the two cell lines and that the observed binding is the 
result of this differential expression. These two cell lines are derived from the original 
Dunning prostate tumor, which is a model for studying tumor progression in the pros- 
tate. This ratio switch may be an important event in tumor progression in this model 
system of prostate cancer. 

Keywords: Polypyrimidine tract binding protein / Alternative splicing / lsoforms / Prostate cancer 
EL 3421 

The polypyrimidine tract binding protein (PTB) was origi- 
nally identified based on its ability to bind to pyrimidine- 
rich regions in an adenovirus major late splicing substrate 
[ l ] .  Tryptic peptide analysis and cDNA sequencing 
revealed that human PTB existed in at least three differ- 
ent isoforms with predicted molecular masses of 57.2, 
59.03, and 42.8 kDa ([2, 31; unpublished results). These 
isoforms have been named PTB1, PTB2, and PTB3, re- 
spectively. Although the genomic sequence for PTB has 
not been published, it is believed that the isoforms are the 
result of alternative splicing [2, 31. Western blot analysis 
demonstrates that human PTB will migrate as a doublet 
and that the identity of the doublet based on predicted 
molecular weight is PTBl and PTB2; PTB3 is not typically 
detected by Western blot. In rat, PTB has also been seen 
to exist in multiple isoforms with a doublet having a migra- 
tion pattern nearly equivalent to human PTBl and PTB2 
[4]. Figure 1 shows a comparison of rat PTBl (Genbank 
Accession No. 112251) and human PTBl and PTB2. Rat 
PTBl and human PTBl are 96% identical, with only a few 
changes, mostly to conserved amino acids. Although the 
rat equivalent to human PTB2 has not yet been cloned, a 
larger isoforrn has been identified (see results below). 

Correspondence: M. Garcia-Blanco, Department of Pharmacol- 
ogy and Cancer Biology, Box 3686, Duke University Medical 
Center, Durham, NC 27710, USA 
E-mail: garci001 @mc.duke.edu 
Fax: t919-613-8634 

Abbreviation: PTB, polypyrimidine tract binding protein 

The amino acid sequence of PTB predicts the existence 
of four weakly conserved RNA recognition motifs (RRMs) 
that have been implicated in the ability of PTB to oligo- 
rnerize, bind to RNA, and possibly interact with other pro- 
teins [5]. 

The functions of PTB appear to be diverse. Initially, it was 
believed to be a necessary splicing factor that played a 
role in early spliceosome assembly at the branch point 
and 3’ splice sites; however, it was later observed to be 
nonessential for the splicing of many introns [ l a ] .  The 
research that followed implicated PTB as an alternative 
splicing factor. Work on the nonskeletal muscle exclusion 
of exon 7 of the rat P-tropomyosin mRNA [6] and later 
work on the smooth-muscle-specific repression of exon 3 
of the rat a-tropomyosin transcript [A suggested PTB as 
a protein factor necessary for repression of these exons. 
Tissue-specific modulation of PTB levels or differential 
expression of PTB isoforms may underlie specific regula- 
tion [8]. There does appear to be strong evidence for a 
neural-specific PTB-like protein, which may play a role in 
the regulation of both the c-src mRNA [9] and the GABAA 
receptor y2 mRNA [lo]. These data suggest a model, first 
proposed by Helfman and colleagues, that PTB is a gen- 
eral repressor active in alternative splicing [6]. Perez et a/. 
[ l l ]  found that, in the case of a-tropomyosin, mutations 
within a PTB binding site immediately adjacent to the 
branchpoint sequence affected its ability to repress the in- 
clusion of exon 3 in smooth muscle tissue. These data 
support the model proposed by Helfman suggesting that 
PTB could antagonize U2AF when PTB bindings sites are 
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Figure 1. Alignment of 
amino acid sequence of 
human PTBl, human 
PTBP, and rat PTBl. The 
shaded regions are iden- 
tical residues between at 
least two sequences. The 
white-boxed residues are 
nonidentical. Note the ad- 
ditional 19 amino acids in 
human-PBT2 which pre- 
dict a protein with a mo- 
lecular mass 1.83 kDa 
higher. Alignment was 
done using the Macvector 
program ClustalW Align- 
ment function. 

within the polypyrimidine tract at 3 splice sites. In cases try site (IRES). Although these viruses require PTB for in- 
where PTB binding sites are outside this polypyrimidine ternal ribosome entry-dependent ranslation [12-181, 
tract, a more complex mechanism may be in operation. cytoplasmic localization of PTB has not yet been docu- 

mented. While there is evidence for tissue-specific forms 
A role for PTB in translation has been suggested, which of PTB or PTB-like proteins [9, 101 there is only one ex- 
appears separate from its role in splicing, for certain picor- ample of a change in PTB isoforrn expression. Recently, 
navirus messages which contain an internal ribosome en- Zhang eta/. [8] demonstrated that the isoform expression 
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changes as the mouse brain develops. In this report we 
also note a change in the relative expression of PTB iso- 
forms that correlates with tumor progression in this pros- 
tate cancer model. 

Our laboratory has been studying the alternative splicing 
of the fibroblast growth receptor 2 (FGFR2) pre-mRNA in 
cells derived from the Dunning rat tumor, a system that 
has been used to model tumor progression in the pros- 
tate. In DT3 cells, which are well differentiated and andro- 
gen-dependent, the FGFR2 mRNA includes the lllb exon, 
which confers the resulting receptor isoform specificity for 
fibroblast growth factor 7 (FGF-7) also known as keratino- 
cyte growth factor (KGF). AT3 cells were derived from the 
same tumor but they were harvested after multiple pass- 
ages through castrated male rat hosts and female hosts. 
Their phenotype differs from the DT3 in that they are an- 
drogen-independent, poorly differentiated, and meta- 
static. In AT3 cells, alternative splicing of the FGFR2 tran- 
script results in the inclusion of the Ilk exon. This switch 
gives the FGFR2 a high affinity for FGF-2, which is se- 
creted by the AT3 cells, thus setting up a potential auto- 
crine loop; these events may contribute to the aggressive 
phenotype observed in vivo [19-211. Important cis ele- 
ments of this RNA transcript have been identified and two 
of these cis elements were the basis of the RNA probe 
used in this work [22]. 

UV cross-linking: The RNA probe with the sequence 5’ 
GGG CGA AUU CCC AUG GAA AAA UGC CCA CAA 
UGU CAC UGU GGG CUG AUU UUU CCA UGU C 3’ 
was transcribed in vifro with [32P]UTP (specific activity of 
5000 Ci/mmole) using an in vitro transcription system 
(Ambion, Austin, TX) and gel purified. Each binding reac- 
tion contained 6 pL of nuclear extract (100 pg total pro- 
tein), 95 mM KCI, 25 pg/mL heparin, 2 mM MgClp, and ap- 
proximately 120 fmoles of RNA probe (total volume was 
20 pL). All reaction components except probe were mixed 
on ice and then incubated at 30% for 8 min, after which 
probes were added for another 15 min incubation at 
3OoC. After the incubation, reactions were crosslinked on 
ice using a Stratagene Stratalinker (La Jolla, CA) at an 
energy input of two pulses of 500 mJ each. RNAse A was 
then added at a final concentration of 100 pg/mL for 30 
min at 37OC. An equivalent volume of 2 x SDS protein 
sample buffer was then added (100 mM Tris-HCI, pH 6.8, 
200 mM dTT, 4% SDS. 20% glycerol, and 0.2% bromo- 
phenol blue). Samples were boiled for 4 min and analyzed 
on a 12.5% SDS-PAGE. The gel was dried for 1 h and ex- 
posed to both X-ray film and a phosphorimager screen. 

Immunoprecipitation: 200 pL of a 1:l v/v suspension of 
protein A-coated Sepharose beads (Pharmacia Biotech, 
Uppsala, Sweden) were prepared by incubation with ei- 
ther preimmune serum or PTB antiserum at 4OC for 1 h 
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with rotation. Next, the beads were washed three times 
with 1 mL of IP buffer (100 mM KCI, 20 mM HEPES, 
0.2 mM EDTA, 0.5 mM dTT, 1% Triton-X 100, and 0.5% 
NP-40, pH 7.9). After the RNAse A treatment of the above 
reactions (represented as “input” in panel 2B), aliquots 
were incubated with 20 pL of 1 :1 v/v suspension of protein 
A beads at 4% for 1 h with rotation in IP buffer. Beads 
were then washed three times with IP buffer containing 
500 mM KCI. Finally, the beads were mixed with 20 pL of 
1 x SDS sample buffer, boiled for 4 min and resolved 
alongside input on a 12.5% SDS-PAGE. Gels were dried 
and exposed to X-ray film and a phosphorimager screen. 

Western blot: 25 pg of protein was mixed with 2 x SDS 
loading buffer, boiled for 4 min, and resolved on a 12.5% 
SDS-PAGE. Gels were transferred to a PVDF Immobilon- 
P membrane (Millipore, Bedford, MA) and blocked in a 
blocking solution (PBS, 5% nonfat dry milk, and 0.1% 
Tween-20) overnight, at 4OC, with rotation. Membranes 
were then incubated in blocking solution with a 1:1500 di- 
lution of a PTB polyclonal antibody that had been Ig-puri- 
fied (Intron, LLC, Durham, NC) from rabbit PTB antiserum 
(serum # 79108). Membranes were washed three times 
with PBS + 0.1% Tween-20 and then incubated with a 
horseradish peroxidase (HP)-conjugated a-rabbit secon- 
dary antibody. Blots were developed using an ECL kit as 
specified by the manufacturer (Amersham Life Sciences, 
Buckinghamshire, UK). Whole cell lysates were made by 
scraping equivalent amounts of cells from plates that 
were 80% confluent and incubating cells in lysis buffer 
(100 mM KCI, 20 mM HEPES, 0.2 mM EDTA, 0.5 mM dlT,  
1% Triton-X 100, 0.5% NP-40, and 100 pg/mL PMSF) for 
1 h on ice. Lysates were spun at 4OC at 20 000 g for 2 min 
to spin down particulate matter and then the supernatant 
was mixed with an equivalent volume of 2 x SDS sample 
buffer. The protein was analyzed in the same fashion as 
the nuclear extract except blots were probed using PTB 
antiserum (serum # 791 13). 

One step towards identifying the machinery responsible 
for regulation of this alternative splicing event is to exploit 
the identified cis elements to detect protein factors that 
may bind to them. Nuclear extracts of both the DT3 cells 
and AT3 cells were made and used to UV-cross-link an 
RNA probe that is composed of important cis elements of 
the FGFR2 primary transcript (Fig. 2A). As can be seen, 
the ratio fo the PTB doublet appeared to change when 
comparing the DT3 and AT3 lanes. The third lane is a 
cross-linking done with HeLa nuclear extracts as a con- 
trol. The ratio of the PTB doublet, quantified with a phos- 
phorimager, for the DT3 cell line was 1:1.9, with the faster 
migrating band being more prominent than the slower mi- 
grating band. Although the exact identity of the bands has 
not been determined, the predicted molecular weights 



A novel PTB isoform ratio switch 505 

Flgure 2. (A) UV cross-linking of proteins from nuclear extracts of DT3, AT3, and HeLa cells to an 
RNA probe. The UV-cross-linked proteins were resolved on a 12.5% SDS-PAGE and visualized us- 
ing autoradiography. The bracketed region is the presumed PTB doublet and the arrowhead is a nov- 
el band in the DT3 nuclear extract. (6) lmmunoprecipitation of the UV-cross-linked PTB doublet. UV 
cross-linking was performed as in (A); this is represented in the input lane for all three cases. Immun- 
precipitation was performed on all three cross-linking reactions using both preimmune serum and 
aPTB serum. The asterisk is next to the novel band in the DT3 extract that was also identified in (A). 
Molecular mass markers are given in kDa on the left of both figures. 

suggest the faster migrating band to be PTBl and the 
slower migrating band to be PTB2. The ratio in the 
AT3 line switched to approximately a 1: l  ratio ( l . l : l ,  
PTBZ:PTBl), the control lane of HeLa nuclear extract 
showed the ratio of the doublet that is most commonly 
seen in previously published data having a profile nearly 
inverse that of DT3, and that is 1.8:l (PTB2:PTBl). The 
slight difference in migration between rat and human PTB 
is expected; the predicted molecular mass of rat PTBl is 
56.9 kDa [4] and the human PTBl is 57.2 kDa. The other 
bands seen on the gel represent other proteins that were 
UV-cross-linked to this RNA probe; their identity is un- 
known. 

In order to confirm the identity of the PTB doublet, irnrnu- 
noprecipitation of the cross-linked proteins was performed 
using a PTB antiserum. PTB antiserum immunoprecipitat- 
ed the cross-linked doublet whereas the preimmune se- 
rum did not (Fig. 26). The background observed in the 
preimmune serum lanes was due to the Sepharose beads 
used in the experiment. This result has been repeated us- 
ing monoclonal antibodies raised against PTB. Note that 
the overall cross-linking profile was similar between the 
AT3 and DT3 extracts, consistent with the notion that 
these cells are highly related and that any differences 
may be subtle. HeLa cells had a different set of proteins 

that crosslinked to the RNA probe. Overall, only one band 
migrating at around 62 kDa, cross-linked to the probe in 
the DT3 nuclear extract but not in the AT3 extract (labeled 
with an arrow in Fig. 2A and an asterisk in Fig. 28). The 
identity of this cross-linked protein is unknown. Further- 
more, there also appeared to be differences in the relative 
intensities of other cross-linked proteins. Equivalent 
amounts of nuclear extracts were used in each experi- 
ment, thus this may be the result of a slightly altered ex- 
pression of proteins between the two extracts. 

The simplest possibility for the observation is the change 
in the PTB cross-linking ratio is the result of a change in 
the levels of its isoforms relative to each other. To test this 
hypothesis, Western blot analysis was performed using a 
polyclonal antibody raised against PTB on the DT3, AT3, 
and HeLa nuclear extracts. As can be seen in Fig. 3A, 
there was a ratio switch of the PTB isoforms. To rule out 
artifacts due to nuclear extract preparation, whole cell ly- 
sates were made and PTB antiserum was used to identify 
PTB in a Western blot assay (Fig. 36). Differential expres- 
sion of PTB was confirmed in the whole cell lysates. Al- 
though densitometric quantification of the PTB isoforms is 
not as accurate as in that obtained with the phosphorim- 
ager, the ratio of the isoforms was at least consistent and 
potentially even more pronounced. The DT3 ratio of 
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Figure 3. (A) Western blot of nuclear extracts from the 
DT3, AT3, and HeLa cell lines. Proteins were resolved on 
a 12.5% SDS-PAGE and the Western blot was performed 
using an Ig-purified polyclonal antibody to PTB. (B) West- 
ern blot of cell lysates made from the DT3, AT3, and 
HeLa cells. Proteins were resolved on a 12.5% SDS- 
PAGE and blotted using PTB antiserum. Molecular mass 
markers are given in kDa. 

PTB2 to PTBl was 1:2.1. The ratio of PTB2 to PTBl in 
the AT3 lane was 1.2:l and for HeLa it was over 3.1 ; the 
latter ratio may be slightly overestimated due to the nonli- 
nearity of the film. 

Little is known about the genetic events that are neces- 
sary for tumor progression and it is possible that altera- 
tions in the expression of proteins involved in RNA 
processing could have many important downstream ef- 
fects. A current hypothesis is that in order for cancer cells 
to escape from the primary tumor site, they must undergo 
several major phenotypic changes. It is possible that 
these phenotypic changes arise from subtle changes in 
gene products, resulting in changes in the structures of 
proteins important in maintaining tissue integrity. The al- 
tered properties of these critical proteins could be brought 
about by changes in the alternative splicing machinery. In 
this report we noted changes in relative expression of 
PTB isoforms correlating with a change in metastatic po- 
tential. It is possible that changes in PTB isoforms could 
lead to changes in transcripts that are regulated by PTB. 
Understanding how PTB isoforms are regulated may 
shed light on the cause of its ratio switch and could also 

be informative in understanding the basic molecular 
mechanisms that contribute to tumor progression. 
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Glial fibrillary acidic protein and its fragments 
discriminate astrocytoma from oligodendroglioma 

In the last few years it has been shown that anaplastic oligodendrogliomas, in contrast 
to anaplastic astrocytomas, are responsive to a three drug regimen chemotherapy. 
The histologic criteria for the discrimination between oligodendrogliomas and astrocy- 
tomas are subject to substantial interobserver variability, particularly in anaplastic and 
mixed gliomas. In the present study a two-dimensional electrophoresis technique 
(2-DE) has been applied to glioma samples in an attempt to discriminate the glioma 
subtypes. It was found that the presence of glial fibrillary acidic protein (GFAP) frag- 
ments distinguishes oligodendroglioma from astrocytoma. One-dimensional (1-DE) 
immunoblots were compared with immunohistologically stained tissue sections in 
which various GFAP-positive cell types were seen. It is concluded that 2-DE and 1-DE 
GFAP immunoblotting provide accurate information for the reliable discrimination of 
anaplastic astrocytomas and oligodendrogliomas. 

Keywords: Glioma / Astrocytoma / Oligodendroglioma / Glial fibrillary acidic protein / Two-dimen- 
sional electrophoresis 

1 Introduction 

Recently, it has been shown that anaplastic oligodendro- 
gliomas, in contrast to anaplastic astrocytomas, are re- 
markably chemosensitive tumors. Systemic chemothera- 
py with procarbazine, CCNU and vincristine (PCV) in 
cases of recurrent anaplastic oligodendroglioma results in 
a response rate of 60-70% with a median response dura- 
tion of about 18 months [l-31. Obviously, this striking dif- 
ference in therapy response [4, 51 necessitates accurate 
discrimination between oligodendrogliomas and astrocy- 
tomas. Unfortunately, the morphologic criteria used to dif- 
ferentiate between astrocytomas and oligodendrogliomas 
are subject to substantial interobserver variability [ H I .  
Particularly in cases of anaplatic tumors, the classic mor- 
phologic criteria have often been lost. Characteristically, 
astrocytic tumor cells contain glial fibrillary acidic protein 
(GFAP)-positive intermediate filaments, while the majority 
of oligodendroglial tumor cells lack filaments and are im- 
munonegative for GFAP. However, GFAP-positive cells 
may be encountered in oligodendrogliomas. These so- 
called transitional cells have round cell bodies with short 
cell processes, containing intermediate filaments, which 
are immunoreactive with anti-GFAP antibodies [9]. On 
the other hand, the cells in anaplastic astrocytomas may 
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have lost the slender cell processes with intermediate fila- 
ments, while the immunoreactivity for GFAP has dropped 
dramatically, thus obscuring their astrocytic lineage. In 
the present study the value of GFAP and its fragments 
was evaluated for the discrimination of astrocytoma from 
oligodendroglioma. Protein spots found by 2-D electro- 
phoresis were immunoblotted and the results were corre- 
lated with those of GFAP-immunohistochemistry. 

2 Materials and methods 

2.1 Tumor specimens and histological 

Six histologically proven oligodendrogliomas and six 
astrocytomas were used for this study. Tumor specimens 
were obtained at the time of surgery. The specimens 
were immediately snap-frozen and stored in liquid nitro- 
gen, while histology was confirmed by making frozen sec- 
tions of the same parts. Adjacent parts of the specimens 
were used for routine histology and immunohistochemis- 
try. The histological diagnosis was made according to 
WHO criteria [lo]. In addition, paraffin-embedded tissue 
sections of the respective tumor samples were immunos- 
tained with anti-GFAP monoclonal antibody (ICN Biomed- 
icals, Aurora, OH, USA). 

diagnosis 

Correspondence: The0 M. Luider, Ph.D., Department of Neuro- 
Oncology, Josephine Nefkens Building, P.O. Box 1738, 3000DR 
Rotterdam, The Netherlands 
E-mall: luidertm@wxs.nl 
Fax: +31-10-4088365 

Abbrevlations: GFAP, glial fibrillary acidic protein; PCV, procar- 
bazine, CCNU, vincristine 

2.2 Two-dimensional electrophoresis 

2.2.1 Sample preparation 
Approximately 50 mg tumor tissue was homogenized in 
350 pL sample buffer I (0.3% sodium dodecyl sulfate, 
200 mM dithiothreitol, 28 mM Tris-HCI, 22 mM Tris base) 
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and incubated at 100°C for 5 min. The sample was placed 
on ice for 5 min. Thereafter, 50 pL sample buffer II (24 mM 
Tris base, 476 mM Tris-HCI, 50 mM MgC12, 1 mg/mL 
DNAse, 0.25 mg/mL RNAse A) was added and the sam- 
ple was incubated for 10 min. The sample was centri- 
fuged in an Eppendorf centrifuge (12 000 rpm) for 5 min. 
The supernatant was saved and 100 pL 50% trichloroace- 
tic acid was added. The sample was incubated for 10 min 
or overnight. The suspension was centrifuged for 2 min 
(12 000 rpm) and the supernatant was discarded. The 
pellet was saved on ice and washed twice with 0.5 mL 
95% acetone and centrifuged at 10 000 rpm for 5 min. 
The pellet was air-dried at room temperature and dis- 
solved in 200 pL sample buffer mix (7.92 M urea, 0.06% 
SDS, 1.76% carrier ampholytes, 120 mM dithiothreitol, 
3.2% Triton X-100, 22.4 mM Tris-HCI, 17.6 mM Tris base). 
The solution was incubated for 5 min with 800 pL acetone 
(100%). After centrifugation (10 000 rpm, 5 min) the pellet 
was resuspended into 200 pL sample buffer mix. For one- 
dimensional electrophoresis ( 1  -DE) the samples were di- 
luted with 50 mM Tris (pH 6.8). 33% glycerol, 10 mM dithio- 
threitol, and 0.001 % bromophenol blue and then loaded 
without boiling. 

T. M. Luider ef a/. 

2.2.2 Electrophoresis 

The 2-DE was performed on an Investigator 2-D electro- 
phoresis system (ESA, Chelmsford, MA, USA) as recom- 
mended by the manufacturer. All chemicals were supplied 
by ESA. The first dimension was performed at 18 000 Vh. 
The pH range of the carrier ampholytes was 3-10, The 
percentage of the duracryl was 10%. The gels were sil- 
ver-stained according to Morrissey [l l]. The molecular 
weight and isoelectric points were determined with a Car- 
bamylyte calibration kit for 2-DE (Pharmacia-Amersham, 
Roosendaal, The Netherlands). Transfer blotting was per- 
formed in an IsoDalt system (Pharmacia) using 25 mM 
Tris base, 192 mM glycine, and 10% methanol. Proteins 
were transferred overnight at a constant current of 0.5 A 
at 4'C on Immobilon-P (Millipore, EttenLeur, The Nether- 
lands). 

2.2.3 lmmunoblotting 

lmmobilon P membranes were incubated with sterilized 
low-fat milk for 1 h. Membranes were incubated for 2 h 
with mouse anti-GFAP monoclonal (ICN Biomedicals), 
diluted 1:200 in 20 mM Tris base, 320 mM NaCI, pH 7.5 
(buffer A). Subsequently, the membranes were incubated 
for 1 h with alkaline phosphatase-conjugated rabbit anti- 
mouse immunoglobulin diluted 1:lOOO (Dako, Glostrup, 
Denmark). The phosphatase activity was visualized with 
nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl 

phosphate (Bio-Rad, Veenendaal, The Netherlands). Be- 
tween the incubation steps the membranes were thor- 
oughly rinsed with buffer A as well as buffer A with 0.05% 
Tween-20 (ICN). Omitting the first antibody resulted in un- 
stained samples on the lmmobilon P membranes. 

3 Results 

Silver-stained 2-D images of the six astrocytomas and six 
oligodendrogliomas were compared by naked eye. The 
investigators were ignorant of the histologic diagnosis of 
the specimens. The majority of mass protein spots of the 
tumor samples showed overlap. A cluster of protein spots 
with a molecular mass (Mr) of 36 kDa (Fig. lB, arrows 
15-19) and two spots with slightly larger Mr (Fig. lB ,  ar- 
rows 13 and 14) were found in the six samples of astrocy- 
toma, but not seen in the oligodendroglioma specimens 
(Luider et a/., paper submitted). In control white matter, 
water-soluble fragments of 36 kDa were also seen. Since 
the M, and plof the protein spots (15-19 in Fig. 1 )  were in 
the range of glial fibrillary acidic protein fragments (GFAP) 
[12], the spots were immunoblotted with anti-GFAP. The 
spots numbered 1-1 9 were all GFAP-immunoreactive 
(Fig. 2). In addition, tissue sections of the tumors were im- 
munostainedwith anti-GFAP monoclonal antibody. In 
astrocytoma, all tumor cells were immunopositive (Fig. 
1A). Not only tumor cells with fibrillary phenotypes, but al- 
so the gemistocytic cells showed intense immunostaining 
(Fig. 1A). Part of the oligodendrogliomas (416) harbored 
GFAP-positive cells, phenotypically either typical oligo- 
dendroglial cells (so-called transitional cells), or gemisto- 
cytic cells of variable sizes (Fig. 1C). In four of six oligo- 
dendrogliomas and all six astrocytomas, at least two 
isoforms of 50 kDa GFAP molecules were found by 1-D 
immunoblotting (Fig. 3). In the normal white matter con- 
trol, no 50 kDa GFAP was seen. In all astrocytomas, 
36 kDa GFAP fragments were observed. Also, in normal 
white matter 36 kDa GFAP was seen. No 36 kDa GFAP 
fragments were present in any of the oligodendrogliomas. 
In two of six cases of oligodendroglioma, no GFAP immu- 
noreactivity was seen (lanes 2 and 4). 

4 Discussion 

The histological delineation of oligodendroglioma and as- 
trocytoma has gained importance because of the chemo- 
sensitivity of the former. Histologically, the distinction be- 
tween the two gliomas depends largely on morphological 
characteristics. In the last decades, immunohistochemis- 
try for GFAP has proven a valuable tool in the identifica- 
tion of astrocytic cells and astrocytic neoplasms [13. 141. 
However, the identification of subsets of GFAP-positive 
cells in oligodendroglial tumors has invalidated the specif- 
icity of GFAP immunohistcchemistry for astrocytomas [9]. 
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In the meantime, various proteins have been proposed 
as candidate markers for oligodendroglial or astrocytic 
tumor lineage (15-191. Unfortunately, none of these has 
emerged as a sufficiently reliable tumor marker so far. 

The technique of 2-DE is a potential powerful tool in the 
identification of lineage-specific proteins in tumors. 2-DE 
has been successfully applied to detect proteins, which 
are specifically present in human cancers and rnelano- 

Figure 1. (A) Astrocytoma immunostained for anti-GFAP (X 40). Tumor cells with fibrillaty pheno- 
types (arrowheads) are interspersed with cells with gemistocytic cells (arrows). Both cell types stain 
intensely for GFAP. (B) Corresponding silver-stained 2-DE gel. Spots of water-soluble 50 kDa GFAP 
isoforms (numbers 1-12) are present. Fragments of GFAP are numbered 13-19. (C) Oligodendro- 
glioma immunostained for anti-GFAP (X 40). In this tumor, some GFAP-positive cells are present 
(arrows). These so-called transitional cells are morphologically characterized as oligodendroglial cells 
with a small GFAP-positive rim of cytoplasm, or as small gemistocytic cells. (D) Corresponding silver- 
stained 2-DE gels. Also in oligodendroglioma the 50 kDa GFAP isoforms are appreciated (arrows 
1-12). No 36 kDa GFAP fragments are present in the oligodendroglioma. 



51 0 T. M. Luider et a/. 

Figure 2. (A) 2-DE GFAP immunoblots of astrocytoma and (6) control white matter. In astrocytoma, 
a range of 50 kDa GFAP isoforms is observed. In addition, GFAP fragments with molecular masses 
between 36 and 50 kDa are present (panel A). In control white matter exclusively 36 kDa GFAP solu- 
ble fragments are found (panel B). 

Figure 3. 1-DE GFAP immunoblots of 6 oligodendroglio- 
mas (lanes 1-6) and 6 astrocytomas (lane 8-12), Lane 
(7) represents control white matter. While the 36 kDa 
GFAP fragments are present in astrocytoma and control 
white matter, they are not seen in oligodendroglioma 
samples. 

mas [20-221. To date, the approach has not been used 
for glial neoplasms. In the present study, GFAP-immuno- 
positive cells were found both in astrocytomas and oligo- 
dendrogliomas. The 36 kDA GFAP fragments are specifi- 
cally present in astrocytomas, not in oligodendrogliomas. 
Since the anti-GFAP antibodies react with all GFAP iso- 
forms and their fragments, GFAP immunohistochemistry 
cannot be used to distinguish between the two glioma 
subtypes. The discriminative 36 kDa fragments can be 
traced by the technique of electrophoresis. 

In astrocytomas and part of the oligodendrogliomas, 
twelve isoforms of GFAP of approximately 50 kDa were 

seen; these were water-soluble and immunoreactive for 
anti-GFAP. The mass weights of these molecules are in 
the range of the calculated molecular mass of the GFAP 
molecule (viz, 49.9 kDa using the DNA sequence of the 
gene for GFAP). The calculated pl, however, is 5.42. The 
pls of the twelve GFAP molecules found in the tumors 
varied between 5.8-6.1. The shift towards more acidic p l  
of the fragments can be explained by the breakdown of 
the GFAP isoforms due to sample preparation, or meta- 
bolic turnover 1121. In the astrocytoma samples, a range 
of GFAP fragments with molecular masses varying be- 
tween 36 and 50 kDa were found (Figs. 16 and D; Fig. 
2A). Post-translational modification of the GFAP mole- 
cules or the existence of splice variants might account for 
this variation in molecular mass weights [12, 231. The 
same factors could hypothetically play a role in the differ- 
ence in water-solubility between the 50 kDa fragments 
found in the gliomas and those in control white matter. It 
is concluded that the clinically important differentiation of 
oligodendroglioma from astrocytoma can be reached by 
using the technique of 2-D electrophoresis. Specifically in 
astrocytomas, 36 kDa GFAP fragments are found. Future 
studies may correlate the specific fragmentation of GFAP 
found in gels with the various GFAP-positive cells seen in 
immunohistochemically stained tissue sections of oligo- 
dendrogliomas and astrocytomas. 
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1 Introduction 

Identification of HSPdO as the specific antigen of 
IgM produced by BRG-lymphoma cells 

In previous studies we described a patient with Burkitt's lymphoma and AIDS, whose 
cells recognized a molecule expressed by normal and malignant breast cells. In the 
present study, we identified this antigen by two-dimensional (2-D) electrophoresis and 
Western blotting using the antibody produced by lymphoma cells. The antigen so iden- 
tified consisted of two clusters of spots with a molecular mass (Mr) of 60 and 50 kDa, 
respectively. Preparative immobilized pH gradient (IPG) was subsequently used to iso- 
late the clusters of spots of higher molecular masses, from which peptide fragments of 
approximately 10 aa were separated on reverse-phase chromatography and 
sequenced. This procedure enabled the identification of the antigen recognized by the 
lymphoma cells as HSPBO. By means of serological analyses it was possible to iden- 
tify the lower molecular mass cluster of spots as a molecule related to HSP-60. It is 
hypothesized that this molecule is a membrane form of HSP-60 that differs from HSP- 
60 in a COOH terminal portion. 

Keywords: Apoptosis / Burkitt's lymphoma / Heat shock protein / Two-dimensional gel electro- 
phoresis 

In a previous study, we described a patient with Burkitt's 
lymphoma and AIDS (BRG) whose malignant cells (BRG- 
M cells) expressed surface IgM molecules with specificity 
for an autoantigen of the epithelial cells of the breast 
ducts [l, 21. Hybridomas, obtained by fusing the patient 
malignant cells with the appropriate myeloma cell partner 
in vifro, secreted IgM monoclonal antibodies (BRG-M 
mAb) which stained ductal cells in normal breast sections 
by immunocytochemistry and a number of cell lines from 
breast malignancies in vifro by immunofluorescence and 
flow cytometry. Co-culture of BRG-M cells with the cells 
from the cell lines that expressed this antigen, recognized 
by BRG-M mAb, caused specific apoptosis of BRG-M 
cells. Apoptosis could be prevented by providing the ap- 
propriate T cell help to the malignant BRG-M cells. These 
findings suggested a model in which antigen or autoanti- 
gen stimulation contributed to the pathogenesis of lym- 
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phoproliferation by focusing the appropriate T cell help on 
the surface of the proliferating malignant cells. 

In the present study, we isolated and characterized the 
antigen recognized by BRG-M mAb. For this purpose, 
2-D electrophoresis, peptide sequencing and serological 
tests with mAb were used. Collectively, the data demon- 
strate that the antigen recognized by BRG-M cells is heat 
shock protein (HSP)SO. In addition, the BRG-M mAb 
binds to another molecule, of lower Mr, which shares 
some antigenic determinants located in proximity of the 
Nterminal with the HSP-60 molecules. This HSP-like 
molecule is expressed at the surface of breast cells and is 
responsible for the induction of apoptosis of BRG-M cells. 

2 Materials and methods 

2.1 Chemicals 

Carrier ampholytes Resolyte pH 4-8, 3.5-10 and DTT 
were purchased from BDH (Poole, UK): IPG dry strips, 
pH 3.5-10 NL gradient, Ampholine pH 4-6, lmmobiline 
pK 3.6, 4.6, 6.2, 7.0, 8.5, and 9.3, Gelbond film, acryl- 
amide IEF grade, CHAPS, Tris, and glycine were from 
Pharmacia (Uppsala, Sweden): urea, thiourea, iodaceta- 
mide, silver nitrate and sodium thiosulfate were from Flu- 
ka (Buchs, Switzerland); DTE and SDS were from Sigma 
(St. Louis, MO, USA) and PDA, 1 ,&bis(acryloyl)pipera- 
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30 min. The resulting pellet contained more than 95% of 
the antigen recognized by BRG-M cells. Membrane pro- 
teins were solubilized with lysate buffer containing 1% of 
Triton X-100. Cellular debris and nuclei were discarded 
after centrifugation at 30 000 x g for 15 min at 1 O°C in a 
Beckman TL 100 (Palo Alto, CA, USA). The presence of 
the antigen in all steps of enrichment was monitored in a 
2-0 PAGE Western immunoblot utilizing BRG-M mAb [2]. 
Protein concentration was determined using a modified 
Bradford assay as described by Ramagli and Rodriguez 
[71. 

zine from Bio-Rad (Hercules, CA, USA). Polyclonal goat 
antihuman HSP-60 antibodies (Abs) (K19. N20) and 
phosphatase-labeled second antibody (donkey anti-goat 
lg) were obtained from Santa Cruz Biotechnology (Santa 
Cruz, CA USA). All chemicals for electrophoresis, of the 
purest grade, were obtained from Merck (Darmstadt, Ger- 
many). 

2.2 Rehydratation of analytical IPG gel strips 

Hydration of lmmobiline dry strips in nonlinear pH 3-10 
was performed according to a modification of the method 
of Bjellqvist eta/. [3], in which 0.5 M thiourea was added to 
increase the resolution of the spots [4]. 

2.3 Rehydratation of preparative IPG gel strips 

Preparative IPG, pH 4.0-5.5, was performed according to 
the protocol of Righetti [5]; the total amount of lmmobiline 
species was used at a concentration of 30 mM and the P 
value of 3 mequiv. L-’ pH-‘. The sample was prepared 
with the same protocol as the analytical method but with 
an increased amount of protein loaded per strip. 

2.4 Sample preparation and extraction protocol 

MDA-MB-468 were maintained in RPMl 1640 (Seromed - 
Biochrom, Berlin, Germany). MCF-7 cells were cultured in 
Dulbecco’s modified Eagle medium (DMEM. Seromed). 
Media were supplemented with 10% fetal calf serum 
(FCS, Seromed). Both cell lines were obtained from 
American Type Culture Collection (ATCC, Rockville, MD, 
USA). Cells, growing tightly adherent to the plastic surfa- 
ces, were washed in the flasks five times in an excess of 
phosphate-buffered saline, subsequently scraped from 
the flask in lysate buffer (10 mM HEPES, 100 mM KCI, 2.5 
mM MgCI,, 1 m4u CaCI,, 300 mM sorbitol) containing 1% 
of Triton X-100; the lysates were spun and the pellet was 
discharged. All extraction steps were performed at 4OC in 
presence of antiproteolytic agents 3 mM PMSF, 50 pg/mL 
TPCK, 0.7 pg/mL pepstatin and 1 pg/mL aprotinin. Fifty 
pg of total proteins were applied to each strip of nonlinear 
IPG, pH 3.5-10, as described in detail by Hochstrasser et 
a/. [6] for silver staining. One hundred pg of protein were 
used for immunoblot detection. Preparative IPG, pH 4.5- 
6.0, were loaded with 2 mg of membrane proteins extract- 
ed according to the protocol detailed below. Briefly, wash- 
ed cellular pellets were lysed in hypotonic shock buffer 
(10 mM Tris, pH 7.4) and spun at 3000 x gfor 20 min. Af- 
ter washing three times in hypotonic shock buffer, the pel- 
let containing the antigen was treated with lysate buffer 
containing 0.1 Yo P-exyl-glucopyranoside. This mixture 
was sedimented by centrifugation at 10 000 x g for 

2.5 Staining and Western blot 

Staining of proteins was performed with methyl trichloroa- 
cetate negative staining [a], followed by silver staining (91. 
Transblot of proteins to Hybond nitrocellulose membrane 
(Amersham, Little Chalfont, UK) was done in a Nova Blot 
semidry system (Pharmacia Biotech, Uppsala. Sweden) 
utilizing a continuous buffer system with 48 mM Tris, 
39 mM glycine, 0.035°/0 SDS, and 20% methanol. The 
transfer of proteins was achieved at 1.5 mNcm2 for 3.5 h. 
The membrane was probed with purified BRG-mAb, fol- 
lowed by rabbit anti-human-lgM (Dako, Glostrup, Den- 
mark) and goat anti-rabbit conjugated with alkaline phos- 
phatase (AP; Southern Biotechnology Associates, 
Birmingham, AL, USA). The membrane was also probed 
with goat polyclonal IgG antibodies against HSP-60, N20 
Ab, and K19 Ab (Santa Cruz Biotechnology) followed by a 
donkey anti-goat AP (Santa Cruz Biotechnology). Positive 
spots were revealed with Sigma Fast tablets (Sigma Al- 
drich, Milano, Italy). 

2.6 Sequence of peptide 

The quantity of 2 mg of total protein was loaded on prepa- 
rative IPG gel strip. Gels of the second dimension were 
electroeluted onto polyvinylidene difluoride (PVDF) mem- 
brane according to Matsudaira [ lo] and stained with Coo- 
massie blue to visualize protein spots for excision. The 
reserved-phase separation of tryptic digestion in situ of 
each single spot was resolved and analyzed using a Pro- 
cise 494 protein sequencer apparatus from Applied Bio- 
systems (Weiterstadt, Germany), according to the meth- 
od of Wilkins eta/. [ l l ] .  

2.7 Co-culture 

BRG-M cell lines originated from Burkitt’s lymphoma in an 
AIDS patient [ l]. BRG-M cells were resuspended at a 
concentration of 3 X 105/mL in RPMl 1640 supplemented 
with 10% FCS and co-cultured with MDA-MB-468 at the 
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Figure 1. Computer-processed image of silver-stained electropherogram (A) of MDA-MB-468 and (6) of MCF-7. 
( A )  lmrnunoblotting of MDA-MB-468 cells and (B) MCF-7 cells with BRG-M mAb. 

optimal BRG-M/MDA-MB-468 ratio of 4:l for 24 h [2]. To 
block the binding of surface IgM to the specific antigen, 
MDA-MB-468 cells were incubated with one of the goat 

anti-human HSP-60 Ab (K19 or N20) at a final concentra- 
tion of 1 pg/5 X lo5 cells for 30 min in the cold, before 
being exposed to BRG-M cells. 
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preparation and one gel was employed to further assess 
the localization of the specific spots, whereas the spot- 
containing areas were excised from the remaining six 
gels, collected, and subjected to tryptic digestion. Peptide 
fragments were separated on reverse-phase chromatog- 
raphy and microsequenced. Three major peptide frag- 
ments of approximately 10 aa each were identified. These 
sequences were compared to those deposited in the 
EMBL database and identified as part of HSP-60. Figure 
2 depicts the sequence of HSP-60; the fragments isolated 
by us (with 100% homology with the known fragment of 
the protein) are bold and underlined. 

2.8 Propidium iodide (PI) staining 

Apoptosis was measured by staining with a hypotonic 
propidium iodide fluorochrome solution (PI, Sigma Al- 
drich) and placed in the dark overnight at 4OC. The 
amount of DNA fragmentation was measured by flow cy- 
tometry (Becton Dickinson, Sunnyvale, CA. USA) [2]. 

3 Results and discussion 

Cell lysates from MDA-ME-468 and from MCF-7 cell lines 
were electrophoresed in 2-D gels. The gels were subse- 
quently silver-stained or blotted and identified with BRG- 
M mAb. The immunoblotting patterns obtained for each 
cell line in different experiments were compared. The 
spots of the proteins observed in both blots were discard- 
ed from the analysis and the spots consistently present in 
the MDA-ME-468 cells but not in the MCF-7 cells of the 
immunoblotting patterns were considered. This procedure 
yielded only two families of spots as putative candidates 
for molecules specifically reactive with ERG-M mAb (Fig. 
1). Previous data demonstrated substantial differences 
between the immunoreactivity of MDA-MB-468 and MCF- 
7 with ERG-M mAb since MDA-ME-468 but not MCF-7 
cells stained brightly with ERG-M mAb by surface immu- 
nofluorescence and flow cytometry. Moreover, in MDA- 
MB-468 cells there was an immunoreactive band of ap- 
proximately 50 kDa by SDS-PAGE analysis which was 
consistently absent from MCF-7 cells [Z]. Both lines, how- 
ever, displayed another band which reacted with ERG-M 
mAb and had an apparent molecular mass (MJ of 60 kDa 
as assesed by SDS-PAGE. Thus, the family of higher M, 
spots shared by both cell lines probably represented this 
last polypeptide chain. In contrast, the spots seen in only 
MDA-ME-468 cells possibly represented the surface anti- 
gen detected by BRG-M mAb. 

In subsequent experiments, preparative IPG was em- 
ployed to isolate the spots characteristic of MDA-MB-468 
cells starting from 2 mg of membrane protein-enriched 
preparation as depicted in Section 2.4. Seven identical 
IPG gels were run with the membrane protein-enriched 

Next, we utilized commercially available antibody (Ab) 
against HSPBO to further characterize the spots identified 
in this study. The epitopes recognized by these Abs 
formed one stretch of twenty amino acids located near 
the N-terminal (N20 Ab) and by another stretch of 19 aa 
(K19 Ab) located near the Cterminal, respectively. When 
employed in Western blot on IPG-separated proteins from 
MDA-ME-468 cells, it was clear that N20 Ab recognized 
both families of specific spots previously identified using 
ERG-M mAb (Fig. 3; also see Fig. 1 for comparison). In 
contrast, only the higher M, family of spots was recog- 
nized by K19 Ab. The single family of spots present in 
MCF-7 cells was recognized by both N20 and K19 Abs 
(not shown). Collectively, these data indicate that ERG-M 
mAb recognized an epitope probably located somewhere 
near the N-terminal of the HSP-60 molecule. This epitope, 
like the one recognized by N20 Ab, was shared by the 
two families of peptides present in MDA-MB-468 cells. 

Previously, we demonstrated that co-culture of MDA-MB- 
468 cells with ERG-M cells induced substantial apoptosis 
of the latter cells. This apoptotic process was initiated by 
the reaction between the specific antigen present on 
MDA-ME-468 cells and the surface IgM of ERG-M cells 
as documented by the inhibition of apoptosis caused by 
the addition of a monovalent Fab fragment to human IgM 
to the cultures [Z]. Eased upon these premises, we rea- 
soned that N20 Ab could have caused inhibition of apop- 
tosis of ERG-M cells seen in co-cultures with MDA-MB- 

MLRLPTVFRQ MRPVSRVLAP HLTRAYAKDV(WCADSUM L ~ O M  LLADA] VAVTMGPKGB 60 
W W G S  PKVTKDGVTV AKSIDLKDKY KNIGAKLVQD VANNTNEEAG DGTTTATVLA 120 
RSIAKEGFEK ISKGANPVEI RRGVMLAVDA VIAELKKQSK PVTTPEEIAQ VATISANGDK 180 
EIGNIISDAM KKVGRKGVIT VKDGKTLNDE LEIIEGMKFD RGYISPYFIN TSKGQKCEsQ 240 
m S E K K  ISSIQSIVPA LEIIEGMKJD RCPIgPYPIN EALSTLVLNR LKVGLQVVAV 300 
KAPGFGDNRK NQLKDMAIAT GGAVFGEEGL TLNLEDVQPH DLGKVGEVIV TKDDAMLLKG 360 
KGDKAQIEKR IQEIIEQLDV TTSEYEKEKL NERLAKLSDG VAVLKVGGTS DVEVNEKKDR 420 
VTDALNATRA AVEEGIVLGG GCALLRCIPA LDSLTPANED QKIGIEIIKR TLKIPAMTIA 480 
KNAGVEGSLI VEKIMOSSSE VGYDAMAGDF VNMVEKGIID PTKVVRTALL DAAGVASLLT 540 
-1P XEEKDPQGA] MGGMGGGMGG GMF 573 

Figure 2. Amino acid sequence 
alignment of human HSP-60. 
The three identified peptides of 
10 aa each are indicated in bold 
and underlined. The two regions 
identified by commercial anti- 
bodies N20 and K19 are boxed. 
Human HSP-60 amino acid se- 
quences were obtained from the 
EMBL Heidelberg Germany da- 
tabase. 
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Figure 3. lmmunodetection of HSP-60-like family in 
MDA-MB-468 cells by N20 antibody (top), or K19 anti- 
body (bottom). K19 antibody bound the high molecular 
weight component only. 
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Figure 4. Inhibition of apoptosis of BRG-M cells by N20 
antibody. MDA-MB-468 were incubated with N20 or K19 
antibody (1 pg/5 x lo5  cells) in the cold for 30 min and 
placed in culture. BRG-M cells were cultured alone, with 
MDA-MB-468 cells or with MDA-MB-468 cells pretreated 
with the anti-HSP-60 antibodies. After 24 h in culture the 
cells were stained with PI and analyzed for apoptosis by 
flow cytometry. 

468 cells. Such inhibition may be related to the capacity 
of the Ab to interfere, by steric hindrance, with the reac- 
tion between surface IgM of BRG-M cells and its specific 
epitope on MDA-MB-468 cells. Indeed, N20 Ab (and not 

K19 Ab) caused a substantial inhibition of apoptosis of 
BRG-M cells in vitro (Fig. 4.). 

4 Concluding remarks 

Collectively, the above data demonstrate that IgM pro- 
duced by ERG lymphoma cells recognize an epitope 
present on the HSP-60 molecules. This epitope is also ex- 
pressed by an HSPBO-like molecule which shares a sub- 
stantial portion of its Nterminal polypeptide sequence 
with HSP-60, as possibly also suggested by the cross-re- 
activity with N20 Ab. This HSP-60-like molecule is proba- 
bly the one which is expressed on the cell surface of 
MDA-MB-468 cells and is partly responsible for the apop- 
totic process when co-cultured with BRG-M. 

HSPs belong to a highly conserved family of protein that 
are normally expressed by the cells where they exert a 
variety of functions connected with intracytoplasmic trans- 
port and assembly of molecular complexes [12]. Expres- 
sion of HSP may be increased following a number of 
events such as cell injury or activation of the cell cycle or 
of the apoptotic process. It is possible that, owing to their 
enhanced expression, HSPs become the target of an au- 
toimmune response. Indeed, membrane expression of 
HSP has been observed following induction of apoptosis 
[13]. Moreover, production of autoantibodies has been 
described in pathological conditions characterized by tis- 
sue injury and apoptosis such as rheumatoid arthritis, dia- 
betes mellitus or cardiomyopathy [14-161. By inference, it 
is conceivable that both the extensive apoptosis that 
takes place in lymphoid tissues of patients with AIDS and 
the concomitant widespread tissue injury that occurs as a 
consequence of opportunistic infection may have induced 
autoantibody production to HSP-60 in the patient de- 
scribed here. Such an autoimmune process may have 
been facilitated by the general disregulation of the im- 
mune response that characterizes the AIDS process. 
Once the autoimmune process was initiated, it may have 
facilitated the expansion of one of the HSP-60 specific 
clones that either subsequently accumulated transforming 
mutations or had already been the subject of one or more 
transforming events prior to expansion. 

This work was supported by grants from the lstifufo Supe- 
riore di Sanitd (ISS) (AIDS Project). 
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Separation and characterization of needle and 
xylem maritime pine proteins 
Two-dimensional gel electrophoresis (2-DE) and image analysis are currently used for 
proteome analysis in maritime pine (finus pinaster Ait.). This study presents a data- 
base of expressed proteins extracted from needles and xylem, two important tissues 
for growth and wood formation. Electrophoresis was carried out by isoelectric focusing 
(IEF) in the first dimension and sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis (SDS-PAGE) in the second. Silver staining made it possible to detect an aver- 
age of 900 and 600 spots on 2-DE gels from needles and xylem, respectively. A total 
of 28 xylem and 35 needle proteins were characterized by internal peptide microse- 
quencing. Out of these 63 proteins, 57 (goo/,) could be identified based on amino acid 
similarity with known proteins, of which 24 (42%) have already been described in coni- 
fers. Overall comparison of both tissues indicated that 29% and 36% of the spots were 
specific to xylem and needles, respectively, while the other spots were of identical rno- 
lecular weight and isoelectric point. The homology of spot location in 2-DE patterns 
was further validated by sequence analysis of proteins present in both tissues. A pro- 
teomic database of maritime pine is accessible on the internet (http://www.pierroton. 
inra,fr/genetics/2D/). 
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1 Introduction 

Two-dimensional polyacrylamide gel electrophoresis (2- 
DE), which separates polypeptides by their charge (pl) 
and relative molecular weight (MJ, is a powerful tech- 
nique for analyzing complex mixtures of denatured pro- 
teins [l]. The main fields of application are: (i) the analysis 
of changes in protein expression, with the state of devel- 
opment and the tissue as well as environmental condi- 
tions as extracellular stimuli (e.g., hormones, drugs, toxic 
agents), abiotic or biotic stresses (21, and (ii) the study of 
post-translational modifications. The analysis of the total 
protein complement in the genome has only recently be- 
come possible as a result of the reproducibility of the 2-D 
PAGE technology, advanced image analysis techniques 
allowing for 2-D gel comparison and protein quantifica- 
tion, and the routine identification of proteins excised from 
2-D gels. This so-called “proteome” [3] analysis can 
nowadays be used for assigning a function to gene prod- 
ucts and for providing physiological and biological explan- 
ations for differential protein expression. While proteo- 
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mics is intensively studied in an increasing number of 
microorganisms, as well as in humans (see review, [4]), 
proteome analysis has not received as much attention in 
plants. The only plants that are studied at this molecular 
level are those for which large-scale gene sequencing 
projects, which facilitate protein identification, were begun 
(i.e., Arabidopsis, rice, and maize). 

Here we report on the results of the first protein sequenc- 
ing project for a forest tree species: maritime pine (finus 
pinaster Ait.). This conifer is native to southwestern Eu- 
rope and is widely used in intensive monospecific stands 
that cover about four million hectars (mainly in France, 
Spain, Portugal, and Italy). Conifers are the largest group 
of industrial plantation species in the world. They include 
the largest (Sequoiadendron giganteurn) and the oldest 
(Pinus aristata) living organisms on earth. Maritime pine 
is a diploid species and member of the large and impor- 
tant genus finus which includes more than 100 species 
of the Pinaceae family [5]. Recent genetic research on 
maritime pine have made use of proteins revealed by 2-D 
PAGE [6]. These include: (i) genetic mapping experi- 
ments [7-lo]), (ii) population genetic studies [ll-131, and 
(iii) the analysis of genome expression during abiotic 
stress [14]. Our objectives in the present study were 
threefold. First, to extend our knowledge in proteorne 
analysis by characterizing proteins that accumulate in 
photosynthetic cells (needles) and in differentiating xylem. 
These tissues are important for growth and wood forrna- 
tion. Second, we set out to demonstrate that proteome re- 
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Preparative 2-DE conditions were similar to the analytical 
2-D electrophoresis procedure, with only few modifica- 
tions: (i) A mix of 400 pL proteins, and urea-potassium 
carbonate-SDS (UKS) solution [16] (30 pUmg of pellet) 
was loaded onto isoelectro focusing gels (3 mm in di- 
ameter); (ii) the 2-DE gels were 1.5 mm thick, with stack- 
ing gels; (iii) the gels were stained using the Amido Black 
procedure (according to [17]) prior to in situ digestion. 

search can take place irrespective of the prior existence 
of DNA sequence information, and can help to identify 
gene products on the basis of similarity with other se- 
quences in other plant or animal species. This is because 
no DNA sequence of maritime pine exists in public data- 
bases. And third, our aim was to construct a protein two- 
dimensional gel database of maritime pine. (These data 
can be accessed via the internet URL: http://www.pierro- 
ton.inra.fr/genetics/2D/). 

2 Material and methods 

2.1 Plant material 

All plant material was taken from maritime pines in the 
Landes region. Fully expanded needles were sampled on 
the first shoot cycle of a two-year-old seedling. Needles 
were sampled once a six-week water stress was applied. 
Differentiating xylem was collected in July from a fast 
growing 22-year-old tree. Bark, phloem, and cambium 
were peeled from the stem, after which the differentiating 
xylem was removed with a knife. Following collection, the 
material was immediately frozen in liquid nitrogen and 
stored at -80 'C. 

2.2 Analytical and preparative 2-D 
electrophoresis 

Protein extraction, isoelectric focusing (IEF), and SDS- 
PAGE dimensions were performed as described in [6]. 
For analytical 2-D electrophoresis, the first dimension 
used acrylamide, purchased from Serva (Heidelberg, 
Germany) and Bis from Bio-Rad (Richmond, CA, USA), 
while the second dimension used acryl/Bis from lnterchim 
(Montluqon, France). For the preparative 2-D electro- 
phoresis, acrylamide was purchased from Serva and Bis 
from Bio-Rad for both the first and second dimension. 
N,N,N,N-Tetramethylethylenediamine (TEMED) and di- 
thiothreitol (DlT) were purchased from Sigma (St. Louis, 
MO, USA), ammonium persulfate (APS) was from Prome- 
ga (Madison, WI, USA), glycine and urea were from 
Merck (Darmstadt, Germany), and sodium dodecyl sul- 
fate (SDS) was from Serva. Silver staining was performed 
according to Damerval eta/. [15] with minor modifications 
as described by Costa eta/. 1141. Dried gels of needle and 
xylem were visually compared on an illuminated box by 
superimposition as described by Bahrman and Petit [ l  11. 
In addition, coelectrophoresis was run to verify that spots 
of similar molecular weight and isoelectric point present in 
needle and xylem were actually identical. Tissue-specific 
percentages were deduced, after which the gels were 
compared by two independent readers. 

2.3 Internal amino acid sequence analysis 

Microsequencing is a straightforward method for identify- 
ing the putative function of a protein. Since the Nterminal 
amino acid can be blocked for up to 70% of proteins (181, 
the characterization of spots either requires removing the 
blocking group or the internal microsequences to be per- 
formed. In our study, this problem was avoided by se- 
quencing internal stretches of the protein. Two methods 
were used to obtain microsequences. In method 1 (micro- 
sequences obtained by the Laboratoire de Microsbquen- 
Gage des Proteines, lnstitut Pasteur, Paris, France), gel in 
situ protease cleavage and peptide sequencing were per- 
formed as described (191. In method 2, gel pieces (or their 
parts) were lyophilized and treated as described [20, 211. 
For both methods, an internal amino acid sequence was 
obtained by pooling 10-40 spots to reach a total of at 
least 100 pmol. Amino acid sequence determination was 
performed with a 473 Applied Biosystems protein se- 
quencer. Microsequenced spots were named according 
to the first letter of the tissue from which they were collect- 
ed: "N" for needle and " X  for xylem, followed by a spot ID 
within each tissue. 

2.4 Electrospray ionization MS/MS 

The protein band of interest was excised from the poly- 
acrylamide gel and sliced in small pieces. These were 
rinsed several times with a solution of 0.1 M Tris, pH 8.5, 
to adjust the pH and were lyophilized in a Speedvac. To 
the dried gel pieces 2 pL of a 1 mg/mL trypsin solution, 
50 FL of 0.1 M Tris, pH 8.5, and 5 pL of 0.1 M CaCI2 were 
added. The swollen gel pieces were completely covered 
with the NH4HC03 solution (approximately 0.1-0.15 mL 
in total) and incubated overnight at 37'C. To stop the di- 
gest and to extract the polypeptides from the gel pieces, 
200 pL of 20% acetic acid was added. After incubating for 
1 h the solution was transferred to another Eppendorf 
tube and the extraction of the gel pieces was repeated 
twice, once with 20% acetic acid, once with water. All ex- 
traction solutions were combined and a small amount of 
pre-wetted Poros R2 (Perseptive Biosystems, Framing- 
ham, MA, USA) was added. After 30 min of incubation the 
Poros beads were spun down (3 min 10 000 x g) and the 
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liquid taken off. The Poros beads were immediately wash- 
ed with 50 pL of 1% acetic acid. At this point the samples 
were stored at -20 ‘C until analysis. After centrifugation 
and removal of the washing solution, Poros-bound materi- 
al was eluted by addition of 5 pL of 50% methanol. One to 
2 pL of the eluent was applied in a nanospray needle after 
incubating and centrifuging the beads for 30 min. Mass 
spectrometric analysis was performed on an Ion Trap 
Mass Spectrometer (LC-Q Finnigan, San Jose, CA, USA) 
equipped with a nanospray device. 

2.5 Comparison of amino acid sequences to 

The amino acid sequences were compared to the se- 
quences of five databases: (i) the OWL Database (re- 
lease 30.2, containing 250514 entries and indexed June 
11, 1998), a nonredundant composite of four publicity 
available primary sources: SWISS-PROT, PIR, GenBank 
(translation), and NRL-3D Brookhaven; (ii) the Nonredun- 
dant Nucleotide Sequence Databases (2501073) se- 
quences nucleotide) containing all nonredundant Gen- 
Bank, EMBL, DDBJ, PDB sequences; and (iii) the dbSTS, 
a database of Sequence Tagged Sites developed by the 
National Center for Biotechnology Information (NCBI) at 
the National Library of Medicine (release 98.07, contain- 
ing 54841 entries and indexed July 19, 1998); (iv) dbEST, 
a database from NCBI containing detailed information 
and database search results for all publicly available EST 
sequences (release 98.07, containing 171 8327 entries 
and indexed July 23, 1998); and (v) the Pinus taeda 
EST database (http://www.cbc.umn.edu/ResearchPro- 
jects/Pine/). The BLAST and FASTA programs [22, 231 
were run using the default parameters proposed by the 
NCBI. When a similarity was found with ESTs or STSs, 
the corresponding sequence was retrieved and compared 
to the above database using the BLAST program. 

protein and DNA databases 

3 Results and discussion 

3.1 Comparison of needle and xylem 2-D gels 

Maritime pine proteins were isolated from two tissues: 
needle and xylem, from which about 900 and 600 protein 
spots, respectively, were resolved on a two-dimensional 
gel (20 x 24 cm) with silver staining. Most polypeptides 
weighed between 20 and 100 kDa. Examples of 2-DE 
gels are shown in Fig. 1. Comparison of needle and xylem 
2-DE patterns indicated that 29.5 and 36.3% of the spots 
were specific to xylem and needles, respectively. The oth- 
er spots had identical M, and pl, though they often dif- 
fered in staining intensity. Comparison of protein accumu- 

lation from spots common to both tissues was not 
attempted since needle and xylem were sampled from dif- 
ferent individuals in different experimental conditions. The 
genetic effect on spot intensity has been extensively de- 
scribed (24-291. In four cases, the homology of spot loca- 
tion in 2-DE patterns was validated by comparing HPLC 
profiles and sequence analyzing the spots present in both 
tissues: N53 and X9 (actin), N125 and X46 (caffeoyl CoA 
O-methyltransferase), N98 and X47 (low molecular 
weight heat shock proteins, HSP), X1 and N166 (HSP70). 
Two other interesting cases of homology may be deduced 
from concordant genetic arguments: two xylem polypep- 
tides, X16 and X17, with similar HPLC profiles and identi- 
cal internal sequences, showed 100% similarity with glu- 
tamine synthetase (GS). Both spots were close together 
and could easily be visually identified in needle 2-D gels. 
In this photosynthetic tissue, GS spots showed positional 
polymorphism (monogenic and codominant mode of in- 
heritance) in a segregating F2 family. This allelic variation 
allowed us to localize the needle protein in the linkage 
map of maritime pine. This protein marker was found to 
be colocated with the GS gene previously mapped using 
a PCR-based approach [30], demonstrating that both 
needle spots do correspond to two allelic products of GS. 
Such comparative analysis was performed in rice be- 
tween embryo and endosperm [la], and extended be- 
tween rice and Arabidopsis [31], where identical proteins 
presenting similar M, and p l  were reported. 

All these examples seem to prove that needle and xylem 
protein spots characterized by identical M, and p l  are like- 
ly to have the same function. More data will be necessary 
for a definitive confirmation of this hypothesis. If true, 
pooling sequence information from several tissues (e.g., 
root, needle, xylem, phloem, bud, pollen, megagameto- 
phyte), where common proteins often accumulate differ- 
entially [ l  11, could partially solve the limitation caused by 
low resolution in preparative gels stained with Amido 
Black. The detection threshold of this technique is not as 
sensitive as that obtained with prolonged silver staining or 
radiolabeling generally used for staining analytical 2-D 
gels. Compared to these other techniques, only one-fifth 
of the spots can be readily detected with Amido Black 
staining. A similar ratio has been noted in rice [la]. This 
limitation could, however, be solved by the use of Coo- 
massie Blue R-250, a more sensitive staining than Amido 
Black, compatible with protein sequencing (e.g., [32]). 
The finding that most spots were common to xylem and 
needle confirmed the results of comparing needle, bud, 
and pollen proteins cited in Bahrman and Petit [ l l ] .  These 
authors interpreted the presence of the same proteins in 
well-differentiatied organs as “house-keeping proteins” 
(e.g., actin HSP70, glutamine synthetase). Conversely, 
proteins accumulating only in particular tissues are most 
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likely to be present in specialized cells and to have specif- 
ic functions, such as the needle proteins involved in pho- 
tosynthesis. 

3.2 Sequence similarity 

Figure 1 shows the proteins analyzed on 2-D gels of nee- 
dle and xylem. Table 1 reports the amino acid sequences 
and results of the similarity search. The position of micro- 
sequenced proteins on both needle and xylem silver- 
stained 2-D gels can be viewed on the internet (http:// 
www.pierroton.inra.fr/genetics/2D/). A total of 87 amino 
acid sequences, comprising between 4 and 20 amino 
acids, were obtained for 28 xylem and 31 needle spots. 
Three other needle spots (N2, N47, and N151) were alle- 
Iic forms [lo] of microsequenced proteins (indicated in the 
first column of Table l), and an additional needle spot 
(N180) could be easily assigned to the large subunit of ru- 
bisco ( rbd)  based on its M, and p l  values, and on its ex- 
tremely high expression in this photosynthetic tissue. Out 
of these 63 proteins, 57 (90.5%) were identified by amino 
acid similarity with known proteins in databases. This 
number also included the three allelic spots and rbcl. 
This proportion is greater than that obtained in similar 

projects for rice (58% [la], 53% [31], and 56% [33]), 
maize (48.5% [19]), and Arabidopsis (56.5% [31], 50% 
[32], and 63% [34]). This percentage may also be con- 
trasted with the approximate 2C-30% identification rate 
obtained in random sequencing cDNA projects (see re- 
view [35]). 

Among the identified proteins, 25 (43.8%) were previously 
reported in conifers (indicated in the penultimate column 
of Table l), 31 (54.3%) were identified as showing strong 
homology with proteins sequenced in other plant species, 
and one protein (X54) showed homology with a protein 
described in a microorganism. These results indicate that 
sequence similarities among proteins are common among 
widely distant plants (angiosperms vs. gymnosperms). Al- 
though the small stretches of determined amino acids can 
reveal high conservation, the result may also be different 
at the level of the complete sequence of the protein. Over- 
all, there were small discrepancies between the apparent 
molecular masses M, and the calculated mass. Finally, 
for six proteins (9.5%) no function could be assigned. The 
amino acid sequences obtained for these proteins may 
represent nonconserved regions of previously character- 
ized proteins or new gene products. Identifying protein 
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Flgure 1. Needle and xylem proteins separated by 2-D PAGE and detected by silver staining. 
(A) Proteins extracted from needle. Spot denoted by an asterisk indicates that the spot was microse- 
quenced from xylem proteins and indentified in a needle 2-D gel by comigration analysis. (6) Proteins 
extracted from xylem. Spot denoted by an asterisk indicates that the spot was microsequenced from 
needle proteins and identified in a xylem 2-D gel by comigration analysis. 

function allowed us to group xylem and needle protein by 
metabolic pathways. These groups are described below. 
At this stage it must be pointed out that intensity variation 
of microsequenced spots is being studied. Costa et a/. 
[14] and Costa et a/. (submitted) have presented needle 
proteins responding to a progressive drought stress and 
Plomion et a/. (in preparation) have described xylem pro- 
teins responding to gravitropism. 

3.2.1 Proteins involved in carbon fixation 

N148 corresponded to phosphoribulokinase, a key en- 
zyme of the Calvin cycle found in the chloroplast of higher 
plants. N90, N87, N163, and N104 were found to be iden- 
tical to ribulose bisphosphate carboxylase/oxygenase 
large chain precursor (rbcc), a key enzyme in carbon as- 
similation. Their M, and p/ values varied greatly and were 
largely different from the value reported for this enzyme 
(molecular mass 52.7 kDa). In fact, these spots have 

been shown previously to be the result of rubisco proteol- 
ysis in drought stress conditions [14]. The 52 kDa subunit 
of rubisco actually corresponds to spot N180. The se- 
quences of N54, N149. N56, and N55 were identified as 
rubisco activase, a plastid enzyme that activates rubisco. 
These spots were also characterized by different Mr and 
p l  and may be different proteins encoded by a multigene 
family (as previously reported [33]) or else proteolytic 
products of the same protein. Spots N146 and N179 were 
attributed to the 33 kDa and 23 kDa subunits of the oxy- 
gen evolving complex, respectively. This protein complex 
is located in the chloroplast thylakoid membrane, associ- 
ated with the photosystem II complex. N139 was found to 
be similar to triose phosphate isomerase, an enzyme in- 
volved in glycolysis. X74 was similar to malate dehydro- 
genase. X6 was similar to uridine diphosphate (UDP)- 
glucose pyrophosphorylase, a cytosolic soluble protein 
responsible for the synthesis and pyrophosphorolysis of 
UDP-glucose. 
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3.2.2 Water stress-inducible proteins 

N143 and X61 corresponded to two members of a water 
stress-inducible finus faeda gene family [36], showing 
strong homology within a tomato protein TMA SN1 
(008655), reported to be abscisic acid (ABA)-inducible 
and expressed during fruit ripening. N144, N98, and X47 
corresponded to low molecular weight heat shock pro- 
teins (HSP, class I). The small HSP are large oligomeric 
proteins composed of smaller subunits of 15-30 kDa. 
They are present in all organisms, but are especially 
abundant in plants, where they play a prime role in the 
plant heat shock response [37], as well as in other abiotic 
stresses. 

3.2.3 Chaperone proteins 

X1, X2, X3, and N166 were identical to HSP70, a high 
molecular weight HSP that maintains proteins in an un- 
folded state, for example for translocation and antigen 
presentation [37]. X10 and X59 corresponded to disulfide 
isomerase, an enzyme involved in the rearrangement of 
both intrachain and interchain disulfide bonds to form the 
native structures of proteins. N1 was similar to peptidyl- 
prolyl cis-trans isomerase, which catalyzes the cis-frans 
isomerization of proline imidic peptide bonds in oligopep- 
tides, and has been shown to accelerate the refolding of 
several proteins in vitro. 

3.2.4 Oxygen radical scavenging enzyme 

Three antioxydant enzymes that destroy oxygen radicals, 
which are normally produced within the cells and are toxic 
to biological systems, were identified. Spots N145 and 
N142 were identical to glutathione peroxidase, an enzyme 
which catalyzes the oxidation of glutathione in the pres- 
ence of hydrogen peroxide to yield oxidized glutathione 
and water. Both microsequences were identical; the 
HPLC profiles of both proteins were similar. These spots 
could correspond (i) to allelic differences in the primary 
structure of the same protein, (ii) to two isoforms (e.g., cy- 
tosolic and chloroplastic forms), or (iii) to proteolytic prod- 
ucts of the same protein. N95 was found to be Cu/Zn su- 
peroxide dismutase, which destroys 02- radicals. X48 
was similar to ascorbate peroxidase, which destroys hy- 
drogen peroxide. 

3.2.5 Lignification enzymes and associated 

N125, X46, and X18 corresponded to two lignification pro- 
teins. The first two spots were similar to caffeoyl CoA-(I 
methyltransferase (CCoA-OMT), which catalyzes the 
methylation of caffeoyl-CoA into feruloyCCoA, a precursor 

proteins 

of lignin. The third spot was similar to caffeic Qmethyl- 
transferase (COMT), which catalyzes the conversion of 
caffeic acid to ferulic acid, and the conversion of 5-hy- 
droxyferulic acid to sinapic acid using Sadenosyl methio- 
nine (SAM) as the methyl group donor. SAM synthetase 
(SAM-S), which catalyzes the formation of SAM from me- 
thionine and ATP, corresponded to spots X1 1 , X15, X12, 
X21, and X30. In plants, SAM is a precursor of ethylene. 

3.2.6 Defense-reiated proteins 

N76 was identified as glucan endo-l,9beta glucosidase, 
which is thought to be an important plant defense-related 
product against fungal pathogens. X41 was similar to iso- 
flavone reductase, an enzyme that reduces achiral isofla- 
vones to chiral isoflavones. It is also involved in the bio- 
synthesis of phytoalexin. 

3.2.7 Nitrogen metabolism 

Three spots were found to be similar to glutamine synthe- 
tase (N48, X16 and X17), an enzyme that catalyzes the 
ATP-dependent incorporation of ammonium to glutamate 
for glutamine biosynthesis. N140 was similar to carbonic 
anhydrase, a chloroplast-localized enzyme which catalyz- 
es the reversible hydration of carbon dioxide. 

3.2.8 Other functions 

N120 was similar to ATP synthase (ATPase) delta chain 
chloroplast precursor and N153 was similar to ATPase 
beta chain mitochondria1 precursor. ATPase is the major 
primary pump in ATP-generating pathways, playing a role 
in proton conduction throughout the membrane. The se- 
quences of N9 were identified as ATP-dependent pro- 
tease, an enzyme involved in the degradation of denatur- 
ated proteins in the chloroplast. N53 and X9 had similar 
HPLC profiles and identical sequences. They were similar 
to actin, a protein produced during the division and elon- 
gation of cells. X33 corresponded to ACC oxydase, the 
ethylene-forming enzyme. X45 was similar to a rambind- 
ing protein, which interacts with the ran protein to transfer 
proteins from the cytoplasm to the nucleus. Finally, X54 
was the only spot showing similarity with a protein de- 
scribed in a bacterial organism involved in the regulation 
of bacterial floculation. 

3.3 Database 

A proteomic database of maritime pine is accessible on 
the internet (http://www.pierroton.inra.fr/genetic.s/2D/). 
This database has scanned gels, clickable images, with 
characterized protein spots highlighted by hyperlinked 
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constitutively expressed when the plant is faced with a 
series of abiotic stresses; and (iv) tissue-specific proteins 
that are also likely to be of great interest. For instance, 
wood (secondary xylem) is a unique tissue of woody 
plants and its formation is likely to involve genes ex- 
pressed rarely or not at all in herbaceous plants. 

We recently demonstrated that the quantification of pro- 
teins revealed by 2-D PAGE, together with clustering 
analysis, is a powerful technique for studying the simulta- 
neous expression of many proteins in organisms submit- 
ted to abiotic stress (Costa etal., submitted). Although a 
cluster image is visually attractive, its biological informa- 
tion per se is minimal without knowledge of protein func- 
tions. More protein characterization should make it possi- 
ble to assign functions to unidentified proteins located in 
biologically meaningful clusters, i.e., clusters correspond- 
ing to specialized pathway (e.g., lignification) or compris- 
ing gene products involved in specific mechanisms (e.g., 
detoxication). Finally, proteome analysis in maritime pine 
(Pinus pinaster) is likely to complement genomic research 
in a closely related conifer species, Pinus taeda [41]. Sim- 
ilarities with fully characterized cDNAs or ESTs, de- 
scribed in various conifer species, have been obtained for 
several protein spots. This will greatly facilitate cloning of 
maritime pine cDNAs encoding the identified proteins. 

symbols. Individual protein entries are linked to other pro- 
tein databases such as OWL by active cross-references. 
Besides sequence data, this database contains further in- 
formation. For certain needle proteins, the location on a 
linkage map, the behavior in drought environment, and 
seasonal and genetic variations are provided. The re- 
sponse to gravitational stimuli is given for xylem proteins. 

4 Concluding remarks 

High-throughput automated sequencing is becoming a 
common procedure for identifying gene functions from 
partial cDNA sequences. Such major initiatives in gene 
discovery are underway in major crop species, yeast, hu- 
mans, and laboratory animals (see http://www.hgmp. 
mrc.ac.uk/GenomeWeb/genome-db.html). Projects aim- 
ing at systematically sequencing proteins of plants and 
animals, revealed by 2-D PAGE, are less advanced. This 
is because protein identification through microsequencing 
is still expensive (about 100 times more expensive than 
DNA sequencing). In addition, fully mastering this tech- 
nique is difficult and time-consuming. However, tech- 
niques such as peptide-mass fingerprinting and protein 
sequencing via tandem mass spectrometry should soon 
allow large-scale proteomics research. Compared to ge- 
nomics projects, one of the main advantages of proteome 
studies is direct access to the expressed genome in a giv- 
en organ or tissue. 

The major value of our project is protein identification: 63 
spots were analyzed, from which 90.5% were identified. 
About 44% of the identified sequences were common to 
those of other conifers. This first set of characterized pro- 
teins is preliminary, and continuation is planned using 
electrospray ionization MS for spot identification. Choice 
of proteins for sequencing will aim at (i) segregating pro- 
tein loci localized in the maritime pine linkage map [lo]; in 
a recent review, [38] 2-DE was classified as the best tech- 
nique for obtaining a map of expressed sequences; (ii) 
proteins whose quantitative trait loci (QTL) controlling 
spot quantity (also called protein quantity loci: PQL (251) 
colocalize with the QTL of traits of interest to sylviculture 
(e.g. drought resistance, wood quality). Characterization 
of spots within the above categories will allow proteins to 
be incorporated into a “candidate protein” approach, 
which aims to characterize quantitative trait loci. Conifer 
species are characterized by a large genome size [39]. 
For instance, the Cvalue for maritime pine was estimated 
to be 24 pg (401, making its genome 160 times larger than 
that of Arabidopsis. With such a large genome, classical 
RFLP analysis, as well as gene isolation (positional clon- 
ing), will be difficult. The study of colocation between 
“candidate proteins” and QTL could be an alternative to 
the characterization of QTLs; (iii) proteins differentially or 
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Two-dimensional electrophoretic analysis of 
proteins associated with somatic embryogenesis 
development in Cupressus sempervirens L. 

Two-dimensional gel electrophoretic analysis and histological studies were performed 
on somatic embryos in cypress. Embryogenic cultures were obtained from in vitro cub 
ture of immature seeds. On a modified Murashige and Skoog (MS) medium they 
showed an intense and repetitive cleavage polyembryogenesis phenomenon which 
maintained them in a continuous proliferating status instead of undergoing a corrplete 
embryogenic development. Only the addition of bovine serum albumin to the culture al- 
lowed somatic embryo development and maturation. Major histological differences 
were noticed between developing and nondeveloping embryogenic cultures. Attempts 
to find proteins that could be associated with developmental stages of somatic em- 
bryos have been achieved. Proteins were extracted and analyzed by two-dimensional 
electrophoresis from nondeveloping embryogenic cultures (SO) and from embryogenic 
cultures at three different stages of somatic embryo development: small size and 
rounded shape embryos (S1 ), increased size embryos with a well-developed suspen- 
sor (S2) and embryos with two well-separated cotyledons (S3). The results revealed 
some qualitative and quantitative protein variations between the two cultures. Some 
could be connected with the induction of pro-embryo differentiation whereas others 
should be more related to the mechanisms involved in somatic embryo development 
and maturation. Specific polypeptides associated with the presence of bovine serum 
albumin (BSA) in the medium have been detected. 

Keywords: Cupressus sernpervirens L. I Two-dimensional polyacrylamide gel electrophoresis / 
Somatic embryogenesis / Somatic embryo maturation / Protein markers EL 3357 

1 Introduction 

Somatic embryogenesis is a process analogous to zy- 
gotic embryogenesis, in which a single cell or a small 
group of vegetative (i.e., somatic) cells are the precursors 
of the embryos [ l ] .  This phenomenon can be divided into 
four major steps: (i) initiation of proembryogenic masses, 
(ii) proliferation of embryogenic cultures, (iii) maturation of 
somatic embryos, and (iv) regeneration of whole plants 
[2, 31. Somatic embryogenesis is widely investigated in 
conifer biotechnology because, on one hand, it provides 
useful systems for plant propagation and genetic manipu- 
lations for reforestation programs and, on the other hand, 
it allows fundamental studies on embryo development 
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cherche Agronomique, Station dAm6lioration GBnetique des 
Fruits et Ldgumes, Domaine Saint-Paul, F-84914 Avignon Cedex 
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Abbreviations: ABA, abscisic acid: AGPs. arabinogalactan pro- 
teins: DM, development medium; ESM, embryonal suspensorial 
masses; MM, maintenance medium; MS, Murashige and Skoog 
medium 

[4-71. The gymnosperm species have for a long time 
been considered to be recalcitrant with respect to the 
process of somatic embryogenesis [l]. It is only within the 
last ten years that somatic embryogenesis in conifers was 
demonstrated for the first time in Picea abies and Larix 
decidua [4]. Somatic embryogenesis in conifers has since 
been greatly improved and has been reported for a wide 
range of conifer genera and species [4, 5, 81. However, 
whole plant regeneration still remains critical due to prob- 
lems in full maturation of somatic embryos. Several fac- 
tors including nutrient composition, osmotic pressure, and 
abscisic acid (ABA) may promote maturation (reviewed in 
[41). 

Cupressus sempervirens L. (common cypress) is a coni- 
fer species native to the Mediterranean region where it is 
used both as ornamental species, wind-breaker, and for 
high-quality wood production [9, 101. For this species, 
Lambardi et a/. 11 l ]  obtained embryogenic cultures from 
excised immature zygotic embryos but without any plant 
regeneration. Although the cultures were maintained for 
two years and subjected to different maturation promoting 
treatments (i.e., ABA), they failed to produce mature so- 
matic embryos. In our laboratory, somatic embryogenesis 
was investigated as a method of cypress multiplication. 
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When an embryogenic cell line was maintained on the in- 
duction medium, the events of somatic embryo morpho- 
genesis were blocked early. Attempts have been made to 
overcome this developmental deviation. Since C. semper- 
virens embryo cultures proved to be recalcitrant to ABA 
treatment for maturation [ l l ] ,  we tested various other 
components to promote somatic embryo differentiation 
and maturation. Some, such as bovine serum albumin 
(BSA), showed positive effects leading to the production 
of well-conformed cotyledonary embryos, able to regener- 
ate whole plants. 

Mastering somatic embryogenesis implies a better under- 
standing of biochemical mechanisms involved in this phe- 
nomenon. Unlike angiosperm embryogenesis, little is 
known about gene regulation and protein patterns during 
conifer embryo development. However, it has been 
shown that the presence of specific proteins can be corre- 
lated with the morphology of the somatic embryos and 
that some proteins and glycoproteins excreted in culture 
medium can influence the morphology of the somatic em- 
bryos of P. abies and Pinus caribaea [12, 131. Some of 
these proteins have been identified as being arabinoga- 
lactan proteins (AGPs), chitinase, and germins (14-1 61. 
In gymnosperms, extracellular proteins therefore seem to 
play a crucial role during embryogenesis as it was report- 
ed for angiosperm [17]. 

The aim of this work was a better understanding, at the 
cytohistological and biochemical levels, of C. sempewi- 
rens somatic embryo development and maturation in the 
presence of BSA. Our approach has consisted, first, in in- 
vestigating if biochemical and cytohistological differences 
could be detected between embryogenic cell line main- 
tained on the induction medium or cultured in presence of 
BSA and, second, in characterizing specific protein mark- 
ers associated with the various stages of somatic embryo 
development by means of two-dimensional electrophore- 
sis. 

2 Materials and methods 

2.1 Plant material and in vltro culture 

The embryogenic cell line used in this study was originally 
induced on an immature zygotic embryo isolated from de- 
veloping female cones collected on an adult tree growing 
in a wind-break near Avignon (France). The initiation of 
somatic embryos was realized according to Lambardi ef 
a/. [ l l ]  with modifications: (i) female cones were collected 
in mid-February, one year after fertilization, and (ii) the in- 
duction medium was hormone-free and consisted of Mur- 
ashige and Skoog (MS) salts supplemented with 15 g/L of 

both fructose and glucose, 7 g/L Bacto-agar, 4 g/L char- 
coal and 10 mUL coconut water (Sigma, St. Louis, MO, 
USA). Once initiated, the cell line was separated from the 
parent explant and maintained by fragmentation and sub- 
culture, in an interval of three weeks, on fresh medium of 
the same composition (maintenance medium, MM). So- 
matic embryo development and maturation was induced 
by transferring culture portions on medium supplemented 
with 1 g/L filter sterilized Sigma BSA (development medi- 
um, DM). Under our conditions, this organic compound 
proved to promote development and maturation of somat- 
ic embryos when it replaces coconut water in the mainte- 
nance medium (El Maataoui, unpublished results). All cul- 
tures were maintained in the dark at 25OC. For this study, 
embryogenic cell line maintained on MM (SO) was 
compared to the embryogenic cell line cultured on DM at 
three different stages of somatic embryo development: 
small size and rounded shape embryos (S1 stage), in- 
creased size embryos with a well-developed suspensor 
(S2 stage), and embryos with two well-separated cotyle- 
dons (S3 stage). 

2.2 Cytohistological investigations 

During the culture period, samples collected from cultures 
on maintenance medium and BSA treatments were fixed 
in formalin-acetic acid-ethanol (FAA) and prepared for 
cytohistological studies as previously described [18]. 

2.3 Protein extraction 

About 50 mg of embryogenic cultures at the four develop- 
mental stages described above were placed in liquid ni- 
trogen and then stored at -8OOC. The plant material was 
transferred to a pre-chilled mortar, frozen in liquid nitro- 
gen and ground for 5 min into a fine powder. The powder 
was homogenized in 1 mL of ice-cold extraction buffer 
containing 10 mM Tris-HCI, pH 8.0, 50 mM EDTA, 250 mM 
NaCI. 14 mM P-mercaptoethanol, 1 mM phenylmethyl sul- 
fonyl fluoride (PMSF), 0.1% v/v Triton X-100 and 2% w/v 
polyvinyl polypyrrolidone (PVPP). After centrifugation at 
20 000 x g for 15 min at 4OC, proteins of the supernatant 
were allowed to precipitate at -20°C for at least 2 h after 
addition of four volumes of cold acetone containing 10% 
w/v trichloroacetic acid and 0.07% v/v P-mercaptoethanol. 
After centrifugation at 13 000 x g for 10 min at 4'C, the 
supernatant was discarded and the pellet was washed 
three times with 1 mL 0.07% v/v p-mercaptoethanol in 
80% v/v cold acetone. The pellet was then dried and stor- 
ed at -2O'C. The protein concentrations of the samples 
were estimated using the Bio-Rad (Richmond, CA, USA) 
protein assay [19]. 



2-D electrophoretic study of cypress somatic embryogenesis 531 

2.4 Electrophoretic separation and proteins 

Two-dimensional polyacrylamide gel electrophoresis was 
modified, using the procedure described by Damerval et 
a/. [20] and Faurobert [21]. The Hoefer Iso-Dalt system 
(San Francisco, CA, USA) was used. Protein pellets were 
resuspended in a UKS solution containing 9.5 M urea, 
5 mM K2C03, 1.25% wlv SDS, 0.5% wlv DTT, 6% vlv Tri- 
ton X-100 and 5% vlv Pharmalyte 3-10, For isoelectric fo- 
cusing the gel mixture was 4% wlv acrylamide. 9.2 M urea, 
2% v/v Triton X-100 and 4% carrier ampholytes, consist- 
ing of a mixture of equal parts of Pharmalyte 3-10 and 
Pharmalyte 4-6.5. For all samples, 35 pg of proteins were 
loaded on the basic end of the rod gels. IEF was per- 
formed at 25OC for 35 kVh. The rod gels were then extrud- 
ed and stored at -2OOC. For the second dimension, ten 
slab gels were simultaneously polymerized with 8.5% wlv 
acrylamide, 0.5 M Tris-HCI. pH 8.8, 0.5% w/v sucrose and 
0.15% SDS. The rod gels were deposited on the slab gels 
and proteins were separated according to the classic 
SDS polyacrylamide gel procedure overnight at constant 
100 V at 14OC. The gels were silver-stained according to 
Morrissey [22]. For estimation of isoelectric points and ap- 
parent molecular mass, extracts were comigrated with 
Bio-Rad 2-D SDS-PAGE standards and Pharmacia 2-D 
electrophoresis carbamylyteTM (Uppsala, Sweden). 

staining 

2.5 Data analysis 

At least two reproducible gels were obtained for each 
sample. Gels were digitized with an Agfa Arcus II scanner 
at 300 dots per inch. Spots were detected and quantified 
with Bio-Rad Melanie I1 software on the basis of their rela- 
tive volume, i.e., the spot volume divided by the total vol- 
ume over the whole set of gel spots. Gels comparisons 
were performed by picking out a reference gel and match- 
ing each gel to the reference gel. Synthetic gels were 
computed for each sample by matching gel replicates. 
Spot % volume was the mean of the % volume for each 
matched gel. Correspondence analysis was used to de- 
scribe relationships between gels and to detect main 
sources of variation between samples without taking into 
account a possible a priori classification of the gels. Stat- 
istical analysis were performed with Statistica StatSoft 
software. 

3 Results and discussion 

3.1 Developmental and cytohistological 

In the literature, the majority of studies devoted to bio- 
chemical and physiological approaches of somatic em- 

observations 

bryo maturation in conifers have been performed using 
genetically different embryogenic and nonembryogenic 
cell lines [23-271. Here we used a single cell line, the 
behavior of which differed according to the medium com- 
position: repetitive polyembryogenesis leading to an un- 
differentiated state on MM versus coordinated develop- 
ment and maturation on DM. The cell line selected in our 
study consisted of fast-growing translucent to white loose 
tissue (Fig. 1A) embedded in a mucilaginous substance. 
Isolated from the parent explant and transferred to MM, it 
proved to be highly prolific (the culture volume doubled 
approximately every two weeks) and exhibited a homoge- 
neous composition (SO stage). It was continually corn- 
posed of long vacuolated groups of cells subtending ag- 
gregates of cells with a dense cytoplasm (Fig. 1 B). These 
structures resembled the well-known embryonal suspen- 
sorial masses (ESM) described in other systems of so- 
matic embryogenesis in conifers [13, 28, 291. Cytohisto- 
logical controls showed (Fig. lB )  that the two constituents 
of cypress ESM were concerned by cell dissociation and 
polyembryogenesis. On the embryonary poles, the pe- 
ripheral cells accumulated starch, vacuolated, and sep- 
arated from mother masses via a process of cell wall 
gelification (Fig. lB). Subsequently, they behaved as em- 
bryogenic cells and generated other ESM (results not 
shown). The same phenomenon concerned the suspen- 
sorial structures. 

Despite their embryogenic appearance the cypress ESM 
never gave rise to recognizable cotyledonary somatic em- 
bryos when maintained on MM. In the presence of BSA 
(DM) the colonies exhibited reduced growth and within 
five weeks they formed prolific pro-embryo populations 
(Fig. 1C) with similar morphology and synchronized de- 
velopment (S2 stage). Each pro-embryo consisted of a 
well-differentiated embryo head subtended by a long and 
vigorous suspensor. Cytohistological observations (Fig. 
1D) revealed that the embryo heads were composed of 
densely packed embryogenic cells surrounded by a well- 
individualized protodermic layer. In the cell cytoplasm, nu- 
merous protein inclusions could be observed after naph- 
thol blue B staining. They exhibited a greater abundance 
as compared to the SO stage. The suspensor showed co- 
hesive vacuolated cells, closely associated to the embryo 
head (Fig. 1 D). According to these observations, at struc- 
tural and morphological levels, the effect of BSA appea- 
red to be a maintenance of cell cohesion during the early 
stages of proembryogenesis both in embryonic and sus- 
pensorial regions. 

After two months on DM, the ESM formed globular and 
cotyledonary somatic embryos displaying morphological 
and structural characters similar to their zygotic counter- 
parts. When transferred from DM onto a BSA-free medi- 
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um, the somatic embryos which reached the cotyledonary 
stage generated whole plants (not shown). Thus, the 
maintenance of cell to cell contact in embryonic region as 
well as in the suspensor at early developmental stages 
seems to be a prerequisite for differentiation and develop- 
ment of well-conformed somatic embryos in our system. 
This is in contrast with the situation in the other investigat- 
ed conifers where the limiting factor is the maturation 
step, which is commonly stimulated by ABA and in- 
creased osmolarity [4, 7, 231. In particular, both ABA and 

osmotic agents such as sucrose, polyethylene glycol and/ 
or dextran promote deposition of lipid storage products 
and synthesis of a number of proteins, including storage 
proteins and late-embryogenesis-abundant (LEA) pro- 
teins (reviewed in [7]). The LEA proteins are believed to 
prevent embryos from damage desiccation and from pre- 
cocious germination during seed development. In cy- 
press, although pro-embryos are blocked at an early de- 
velopmental stage above the maturation step, BSA may 
act, similarly, as an osmotic agent. In fact, as the most 

Figure 1. Morphological and 
cytohistological aspects of Cu- 
pressus sempetvirens cell line 
on (A, B) maintenance medium 
and (C, D) BSA-supplemented 
medium. (A) An embryogenic 
colony showing a nodular struc- 
ture. Each nodule corresponds 
to an embryonal suspensorial 
mass (ESM) which soon prolif- 
erates to produce other ESM. 
(B) Section of an ESM showing 
lack of a protodermic layer. Note 
(arrowheads) the vacuolization 
and the dissociation of cells 
constituting the embryo head 
(arrow). (C) An embryogenic 
colony after 5 weeks culture on 
BSA-containing medium. Nu- 
merous embryos (E) developed 
into polarized structures with a 
vigorous suspensor subtending 
an embryo head. (D) Section 
of a BSA-treated pro-embryo 
showing a protoderm (P) sur- 
rounding the embryo head (ar- 
row). Note the cell cohesion 
both in the suspensor (S) and 
the embryonal region. 
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abundant protein in the circulatory system, serum albumin 
is known to contribute 80% to colloid osmotic blood pres- 
sure in higher vertebrates [30]. BSA may also play a met- 
abolic role as an organic source of nitrogen. In in vitro 
systems the use of BSA is common in artificial culture me- 
dia for microorganisms such as mycoplasmas [32]. 
Organic nitrogen sources have also been shown to be 
more effective in supporting somatic embryogenesis than 
inorganic ones in Picea g/auca [31]. 

3.2 Protein content 

Our 2-DE study showed that these cellular and morpho- 
logical modifications were associated with considerable 
biochemical changes. One of the first major differences 
between the embryogenic cell line maintained on MM 
(SO) or cultured in presence of BSA was the increase in 
protein amount when somatic embryos differentiated and 
developed (Table 1). The protein concentration was par- 
ticularly high (22.2 mg/g) when the somatic embryos were 
organized with two well-developed cotyledons. At this 
stage of development, a tenfold increase in protein con- 
tent could be observed, as compared to the SO stage. A 
possible explanation to these higher protein levels detect- 
ed at the S2 and S3 stages may be an activation of me- 
tabolism in relation to the somatic embryos development. 
Filipecki and Przybecki [33] also reported that embryo- 
genic lines had a considerably higher concentration of 
proteins than nonembryogenic ones in Cucurnis sativus 
L. In the same way, they suggested that this difference 
could be connected with the presence in embryogenic cell 
lines of numerous small meristematic cells characterized 
by an intensive metabolism. The 3.7-fold difference in the 
amounts of protein between S2 and S3 stages may be 
partly due to the accumulation of storage proteins at the 
later developmental stage (53). Since somatic embryos 
at the S3 stage appeared to be as highly hydrated as pre- 
vious embryos stages, it is unlikely that the important in- 
crease in the protein content may be due to a partial de- 
hydration of the sample. Similarly, a several-fold increase 
in storage protein concentration was noticed during so- 
matic embryogenesis of Gossypiurn hirsuturn [34]. 

3.3 Analysis of embryogenic cell line protein 

The polypeptide composition of embryogenic cultures on 
MM (SO) and DM (Sl ,  S2, 53) was assessed by two-di- 
mensional gel electrophoresis. The 2-D gels obtained for 
each sample exhibited several hundreds of spots with a 
wide distribution of apparent molecular mass (Fig. 2). The 
spots showed a symmetric shape indicating a good reso- 
lution in both electrophoresis dimensions. Replicate gels 
for the same sample showed a good reproducibility. For 
each gel, the studied zone was restricted between p14.C- 
6.5 and between 30 and 123 kDa for molecular mass. 
This zone corresponded to the part of the gel where the 
pH gradient was best stabilized. All the spots resolved 
within this zone were numbered and are illustrated in Fig. 
3. Under our conditions, 244 reproducible spots could be 
detected in SO. In embryogenic cultures on DM an in- 
crease in spot numbers was related to somatic embryo 
development: 261 spots were observed in the S1 stage 
and 315 spots for the S2 stage. This increase was proba- 
bly related to the differentiation of somatic embryos in 
more complex and specialized structures. In Vitis rupest- 
ris, it was shown that the protein number was higher in so- 
matic embryos than in induced calli [35]. This was regard- 
ed as an intensification of metabolic activity in relation to 
the embryo morphogenesis. On the contrary, the S3 
stage exhibited a reduced number of detected spots (only 
157 spots) compared to the other developmental stages 
of cypress somatic embryos. As the same amount of pro- 
teins was loaded on each IEF gel, this deep decrease 
could be attributed to the relative abundance of all poly- 
peptides as compared with those that were greatly accu- 
mulated in S3 (surrounded with a rectangle in Fig. 3). On 
the other hand, the lower polypeptide numbers observed 
at stage S3 could be explained by the onset of the matu- 
ration process that involved accumulation of major stor- 
age products and resulted in prevalence of a limited num- 
ber of components as showed by Gianazza et a/. [35] in 
Vitis mature somatic embryos. 

patterns 

The analysis of electrophoretic patterns revealed that S1 
polypeptides profiles were close to the polypeptide pro- 

Table 1. Evolution of protein content of cypress embryogenic cultures on MM or DM 
medium 

Protein content (mg/g of fresh weight) 

Embryogenic cell line on MM Embryogenic cell line on DM 
SO stage S1 stage S2 stage S3 stage 

2.1 3.7 6 22.2 

S1, S2, S3 stages correspond, respectively, to small size and rounded shape embryos, 
increased size embryos with a well-developed suspensor, embryos with two well-separated 
cotyledons. 
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files observed in the control culture SO. Among the 244 
polypeptides detected by 2-DE in the control cultures 
(SO), 200 could be retrieved in embryogenic cultures at 
the S1 stage, which represented 82% of total proteins 
present at the SO stage. The volume of additional poly- 
peptides was equivalent to 17% of the volume of the 
whole spots present at the S1 stage. This indicates that 
numerous polypeptides were common to well-formed and 
mis-shaped pro-embryos. However, the S2 map revealed 
a more complex pattern compared to the control culture 
(SO). Only 71% of the SO polypeptide could be observed 
at the S2 stage and 31 additional polypeptides whose vol- 
ume represented 41% of total spots volume could be not- 
ed. On the other hand, embryogenic cultures at the S3 
stage showed protein patterns clearly modified compared 
to other embryogenic cultures: only 112 proteins were 
common to the embryogenic control cultures (SO) which 
corresponded to 46% of total protein content of SO cul- 
tures. 

Figure 2. 2-DE gel of cy- 
press somatic embryos at 
S2 stage. At this stage so- 
matic embryos were well- 
conformed and the num- 
ber of detected spots was 
maximal. 

A comparison of samples was realized by means of corre- 
spondence analysis. The dataset was a matrix with Yo of 
volume of matching spots as rows, and gels as columns. 
The four synthetic gels were positioned in a space defined 
by three axes. The percentage of inertia associated with 
the three axes was 54.44%, 33.07% and 12.48%, respec- 
tively. Figure 4 reports the position of the samples in 
plane 1-2. The first axis clearly discriminates S3 from SO, 
S1 and S2. On this axis, SO and S1 were close to each 
other while S2 and S3 were more distant. The second ax- 
is distinguishes between 52 and SO, S1 and S3. The 
same distribution in the space was obtained when repeats 
of gels were used instead of synthetic gels. Spots which 
exhibited a maximum % of volume for one stage of devel- 
opment were, as expected, positioned in the same area. 
Thus, results of correspondence analysis appeared to 
corroborate the observations described above which 
could be related to important physiological changes asso- 
ciated with development and maturation of somatic em- 
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Figure 3. 2-DE synthetic gels of proteins from embryogenic cell line cultured without (Stage SO) or with BSA (Stages 
S1, S2, 53). S1, S2, S3 stages correspond to small size and rounded shape embryos, increased size embryos with a 
well-developed suspensor, and embryos with two well-separated cotyledons, respectively. SO stage represents the 
embryogenic cell line cultured on maintenance medium. A, indicates polypeptides showing quantitative variations 
from stage SO up to S3; A, represents polypeptides which appear at stage S1; 0, corresponds to polypeptides which 
appear at stage S2; -, indicates polypeptides specific to stage S3. 
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Figure 4. Correspondence analysis. Position on the 
plane 1-2 of the four synthetic gels corresponding to the 
SO, S1, S2, S3 developmental stages (SO, embryogenic 
cell line cultured on maintenance medium; S1, small size 
and rounded shape embryos; S2, increased size embryos 
with a well-developed suspensor; 53, embryos with two 
well-separated cotyledons) and position of the reference 
matched spots (indicated by +). The different develop- 
mental stages are well separated on axis 1. 

bryos. In this connection, the more complex protein pat- 
tern observed at the S2 stage may be explained by a larg- 
er physiological gap between the two stages SO and S2, 
in relation with a metabolism intensification. Similarly, in 
V. rupestris, Gianazza eta/. [35] showed that callus pro- 
tein patterns differed qualitatively from embryo-specific 
ones. In like manner, these authors suggested that this is 
related to an activation of cell division (massive protein 
and DNA synthesis). A drastic alteration in the polypep- 

tide composition has also been reported during somatic 
embryogenesis in Digitalis lanata with the most pro- 
nounced modifications for the later stages of embryo mor- 
phogenesis [36]. On the contrary, the 2-D map of the 53 
stage indicated a simplification and a specialization of the 
protein pattern as somatic embryos began to mature. 
Similar observations have been described in V. rupestris 
PSI. 

3.4 Characterization of specific proteln markers 
associated with somatic embryo 
development 

A detailed spot analysis allowed us to classify polypepti- 
des from an embryogenic cell line maintained on MM me- 
dium and cultured in presence of BSA in four categories 
based on their differential accumulation: (i) constitutive 
polypeptides, whose amount remained almost un- 
changed; (ii) polypeptides, decreasing in concentration 
from the SO stage up to the S3 stage; (iii) polypeptides in- 
creasing in abundance during somatic embryo develop- 
ment; and (iv) polypeptides lacking in the control culture, 
and appearing during somatic embryo differentiation and 
maturation (Sl ,  52, S3 stages). Among the polypeptides 
present in embryogenic cell line cultured on MM and DM, 
some characteristic quantitative variations were ob- 
served. The more representative ones are presented in 
Table 2. Two polypeptides (SO-21, SO-229) had a maxi- 
mum level in control cultures (SO) and then decreased in 
their amount with the development of somatic embryos 
cultured on DM. The other ones showed, on the contrary, 
an Increase with the differentiation and the development 
of somatic embryos up to the S2 stage. However, varia- 

Table 2. Polypeptides showing quantitative variations during induction and development of cypress somatic embryos 

Polypeptide abundance ("A Val)') 
Spot number Molecular p l  Embryogenic Embryogenic 

mass cell line on MM cell line on DM 
W a )  SO stage S1 stage S2 stage 53 stage 

Polypeptide with a maximal so-21 79.75 5.44 1.07 0.86 0.75 0 
volume level at SO stage SO-229 32.57 5.44 0.5 0.34 0.17 0 

Polypeptides with a major so-191 37.57 4.85 0.07 0.08 0.29 0 
increase at S2 stage so-1 09 54.97 5.16 0.21 0.23 0.29 0 

so-204 36.85 4.75 0.08 0.1 1 0.17 0 

increase from SO to 53 stage so-90 57.35 5.16 0.18 0.24 0.29 0 
SO-1 50 43.61 5.44 0.22 0.37 0.52 0 
so-22 80.66 5.27 0.33 0.55 0.69 0 

Polypeptides with a major SO-93 57.79 4.64 0.06 0.19 0.2 0.05 
increase between SO and S1 stage SO-175 39.62 5.67 0.44 0.66 0.69 0.46 

Polypeptides with a gradual SO-1 52 43.61 5.29 0.15 0.23 0.34 0.21 

S1, S2, 53 stages correspond, respectively, to small size and rounded shape embryos, increased size embryos with a 
well-developed suspensor, embryos with two well-separated cotyledons. 
a) Data presented (% Vol) are mean from replicate experiments. 
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Table 3. Characteristics of new polypeptides detected at S1, S2 and S3 stages 
Spot number Molecular mass PI Polypeptide abundance (“A VOI)~) 

( k W  S1 stage S2 stage S3 stage 
S1-235 33.60 5.05 0.16 0.26 0.30 

Polypeptides S1-230 34.20 5.05 0.21 0.13 0 
which appear S1-238 33.20 5.24 0.41 0.56 0.13 
at S1 stage S1-240 32.95 4.83 0.56 0 0.1 1 - 

S1-239 32.90 5.02 0.65 0.23 0.19 
S2-23 87.25 6.38 0 0.07 0 
S2-36 

S2-126 
52-21 
s2-22 
52-35 

S2-157 
S2-129 
s2-82 

s2-128 
52-156 
S2-152 
S2-259 
S2-105 

Polypeptides S2-256 

at S2 stage S2-79 
s2-178 
s2-81 
S2-74 

S2-237 
S2-174 
s2-108 
S2-176 
S2-177 
52-1 22 
s2-219 
S2-191 
S2- 1 43 
S2-149 

which appear s2-120 

81.57 
57.92 
87.25 
87.25 
81.57 
52.60 
56.62 
64.70 
56.80 
53.08 
53.45 
37.34 
60.42 
37.94 
58.1 1 
65.02 
49.12 
64.06 
66.50 
40.64 
49.45 
59.84 
49.00 
49.23 
57.92 
42.15 
46.28 
54.80 
53.57 

6.18 
6.42 
6.57 
6.47 
6.26 
5.76 
5.74 
6.20 
5.84 
5.71 
6.00 
5.21 
6.49 
5.55 
6.58 
6.30 
6.04 
6.1 1 
6.14 
5.85 
5.77 
6.38 
6.07 
5.91 
6.31 
5.94 
5.81 
5.70 
6.11 

0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

0.07 0 
0.10 0 
0.1 1 0 
0.1 1 0 
0.12 0 
0.13 0 
0.13 0 
0.15 0 
0.15 0 
0.16 0 
0.17 0 
0.18 0 
0.19 0 
0.19 0 
0.20 0 
0.20 0 
0.21 0.10 
0.22 0 
0.23 0 
0.25 0 
0.25 0 
0,26 0 
0.26 0 
0.26 0.1 1 
0.29 0 
0.30 0 
0.34 0 
0.37 0 
0.58 0 

52-1 23 57.92 6.12 0 0.66 0 
S3-145 31.92 4.40 0 0 0.10 
53-96 46.41 5.75 0 0 0.12 

S3-153 
S3-152 
53-95 
s3-93 
S3-92 

Polypeptides S3-151 
specific to s3-89 
S3 stage s3-88 

S3-149 
53-150 
S3-146 
S3-148 
S3-147 

31.59 
31.59 
46.20 
46.31 
46.31 
31.63 
51.89 
52.01 
31.63 
31.63 
31.63 
31.63 
31.63 

4.17 
4.44 
5.86 
5.98 
6.07 
5.38 
6.45 
6.07 
6.07 
5.49 
5.92 
5.63 
5.77 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 0.14 
0 0.15 
0 0.22 
0 0.50 
0 0.52 
0 0.93 
0 1.17 
0 1.87 
0 2.14 
0 3.34 
0 4.34 
0 4.86 
0 4.89 

s3-87 51.54 6.29 0 0 6.33 
These stages correspond, respectively, to small size and rounded shape embryos, increased size embryos with a well- 
developed suspensor, embryos with two well-separated cotyledons. 
a) Values indicated represent the mean from replicate experiments. 
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tions were not similar according to the spots. Two of them 
(SO-93, SO-175) presented a more significant increase at 
the S1 stage than at the S2 stage whereas five others 
(polypeptides SO-1 50, SO-22, SO-1 52, SO-90 and SO-204) 
showed a gradual increase during the development of the 
somatic embryos. Polypeptides SO-109 and SO-191, on 
the other hand, were mainly expressed at the S2 stage. 
Similar changes in protein abundance have been reported 
in D. lanata embryogenic suspension culture [36]. Accord- 
ing to these authors, these quantitative variations were 
correlated with a morphogenesis process. In a similar 
way, polypeptides increasing or decreasing in abundance 
during cypress somatic embryo differentiation and matu- 
ration could be associated with morphological modifica- 
tions occurring during embryo development. The major 
difference which could be pointed out upon comparing 
electrophoretic patterns of an embryogenic cell line main- 
tained on MM and cultured in presence of BSA was the 
presence of specific polypeptides at the S1, 52 and 53 
stages (presented in Table 3 and Fig. 3). Five polypepti- 
des were retained as specific of S1 in comparison with 
SO. These spots showed qualitative and quantitative var- 
iations from stages S1 to 53. Three of them (polypeptides 
S1-230, S1-239 and Sl-240), mainly expressed in S1, 
should rather be connected with the induction of somatic 
embryo differentiation. Polypeptide 3-235,  which 
showed a gradual increase with a maximal intensity at the 
S3  stage, should be linked with somatic embryo differen- 
tiation and maturation whereas polypeptide S1-238, hav- 
ing a maximal volume level at the S2 stage, should be 
more specific of somatic embryo differentiation. Thirty- 
one additional polypeptides showing abundance varia- 
tions were observed at the S2 stage. Among them, only 
two were also present, but in smaller amount, at the S 3  
stage (polypeptides surrounded with a circle on Fig. 3). 
Sixteen polypeptides were specific to the somatic em- 
bryos with two well-separated cotyledons (S3  stage). Six 
of them (S3-146, S3-147, S3-148, S3-149, S3-150, 53- 
151) were accumulated to extremely high levels and rep- 
resented 20% of the volume of the whole spots present at 
the 53 stage (Table 3). These S3-specific polypeptides 
had a molecular mass of 31.63 kDa and a p l  range be- 
tween 6.07-5.38. As similar proteins accumulated during 
cypress zygotic embryo development and maturation 
(Sallandrouze el a/., in preparation), they are assumed to 
correspond to storage proteins. 

Protein markers associated with somatic embryogenesis 
were reported in other species for different embryogenic 
and nonembryogenic cell lines [33, 37-39]. In our case, 
protein markers were induced solely by medium composi- 
tion modifications for a single cell line. Polypeptides syn- 
thesized at the S1 stage and a few polypeptides specific 

to the S2 stage could be considered as putative protein 
markers of the induction of pro-embryo differentiation. 
The nature and the function of these proteins in the induc- 
tion process remains unknown to date. The main structur- 
al differences observed between cultures from the two 
treatments (with and without BSA) were: (i) lack of cell co- 
hesion, (ii) absence of epidermis, and (iii) vacuolization 
and dissociation of the cells constituting the embryo'ids of 
control culture (SO). Similar cellular events have been re- 
ported to occur in a developmentally blocked embryogen- 
ic cell line of P. abies [28, 291. In this system, it was 
shown that changes in morphology and growth habit of 
the cell line were correlated with the absence of specific 
extracellular glycoproteins such as chitinase and AGPs 
[15, 16, 24, 401. Direct implication of chitinase-like protein 
and AGPs in the formation of structurally conformed so- 
matic embryos during the early stages of development 
has also been demonstrated in Daucus carota [4143]. In 
this manner, the promoting effect reported here for BSA 
may be partly related to the presence of similar proteins 
which remain to be characterized. 

4 Concluding remarks 

In conclusion, adding BSA to the maintenance medium in- 
duced important biochemical changes associated with 
cellular and morphological modifications, leading to the 
differentiation of pro-embryos in mature somatic embryos. 
In particular, we have shown that (i) cell cohesion and epi- 
dermis formation were some requirements essential to a 
good development of somatic embryos, (ii) an increase in 
the complexity of protein pattern was connected with the 
differentiation and development of somatic embryos 
whereas the onset of the maturation process was charac- 
terized by a simplification and a specialization of the pro- 
file, in relation with accumulation at high levels of some 
sets of specific polypeptides, and (iii) identification of spe- 
cific protein markers at the three developmental stages 
S1, S2 and S3 could be related to the production of well- 
conformed mature somatic embryos. Further studies are 
required to clarify the specific functions of the polypepti- 
des characterized in embryogenic cultures at the S1 
stage. Identification and cellular localization of these poly- 
peptides may provide a better understanding of their in- 
volvement in the somatic embryogenesis process. 

This work was supported by the European Community in 
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