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Preface

The 14th meeting on Methods in Protein Structural Analysis (MPSA) was held
in Valencia (Spain) September 8-12,2002. Approximately 200 researchers from
more than two dozen countries, representing both the academic and the indus-
trial worlds, attended the conference. The MPSA meetings began in 1974 as a
small workshop organized with the aim of exchanging information on newly
developed instruments and chemistry for N-terminal sequencing of polypep-
tides. Since then, MPSA conferences are held every two years, usually alternat-
ing between both sides of the Atlantic Ocean. Starting with the 13th conference
(Charlottesville, USA, 2000), the biennial MPSA meetings are now sponsored
by the International Association of Protein Structure Analysis and Proteomics
(IAPSAP), a non-profit organization established in 1999 to promote the dis-
covery and exchange of new methods and techniques for the analysis of protein
structures [1]. With the “omics” revolutions in the so-called post-genomic era,
the scope of the MPSA conferences has also expanded from protein sequence
analysis to proteome (and protein) structure analyses. Thus, major topics of
MPSA2002 included different experimental approaches (X-ray crystallogra-
phy, mass spectrometry, cryo-electron microscopy, tomography) for studying
very large multi-subunit molecular nanomaschines; international initiatives
committed to developing high-throughput methods for large-scale protein
expression and purification, sample preparation, and automatic data acquisi-
tion for structure determination by both X-ray diffraction and NMR spec-
troscopy; mechanisms of protein folding and misfolding in vitro and in vivo;
protein-protein interactions; analysis of post-translational modifications; and
the classification,structure prediction,and evolution of protein folds and func-
tions [2]. MPSA2002 program and abstracts are available on the meeting web-
site (http://www.mpsa2002.ibv.csic.es). This book, which contains contribu-
tions presented by speakers and papers selected from poster presentations, is
published with the aim to inspire new ideas for the advancement of the rapid
growing field of protein science.I am glad to note the significant contribution
of Spanish (senior and young) researchers, which reflects the scientific level
reached in a country where less than 1% of its annual budget is invested in
research.



VI Preface

As President of the Organizing Committee of MPSA2002, 1 wish to express
special thanks to my colleagues of the Scientific Program Committee, Ettore
Appella, Carl W. Anderson, and Jay W. Fox, who devoted much time to the
organization of the scientific program that made MPSA2002 a very exciting
meeting. The many corporate sponsors and institutions that contributed both
economically and scientifically to the success of the conference are also grate-
fully acknowledged.

JuaN J. CALVETE Valencia, March 2003

[1] Apella, E., Fox, ].W. & Anderson, C.W. (2001) Meeting Report. Protein Sci. 10,459-461
[2] Anderson, C.W., Calvete, ].]., Fox, J.W. & Appella, E. (2003) Meeting Report. Protein
Sci. 12, 398-400
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1 Helix-Helix Packing Between Transmembrane
Fragments

MAR OrzAEZ, FRANCISCO J. TABERNER, ENRIQUE PEREZ-PAYA
and ISMAEL MINGARRO

Abstract

The rules that govern the folding of membrane proteins are still not com-
pletely understood when compared with the well-detailed set of principles
described for the folding of soluble proteins. Although the molecular deter-
minants of the folding mechanism should be basically the same for both types
of proteins, the main difference, which in turn could also represent the main
difficulty, is the media that surrounds the protein. In this sense, it would be
useful to develop new molecular techniques that allow for the study of the
folding mechanism of membrane proteins in their natural media, the mem-
brane. In the present work we have collected a series of studies devoted to
understanding the principles that govern the molecular mechanism of fold-
ing and packing of membrane proteins, an important group of the proteome.
In particular, we have focused our attention on Glycophorin A (GpA), a single
span membrane protein, which has been extensively used as a model system
to study helix-helix transmembrane (TM) packing. Here, we report on the
importance of the molecular distance between the critical oligomerisation
motif and polar residues in TM fragments. We have also given an account of
the influence of the length of the TM fragment as well as the effect of proline
residues on the packing of TM alpha helices.

1.1 Introduction

It is estimated that membrane proteins constitute about 30% of fully
sequenced genomes- a major part of biological life (Wallin and von Heijne,
1998). These types of protein play an important role in cell function, acting as
cell receptors, transporters, channels and as essential components of respira-
tory and photosynthetic complexes. Furthermore, membrane proteins are
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also implicated in essential processes inside the cell. They have attracted the
interest not only of basic, but also of more applied fields like medical chem-
istry, due to their potential as targets for therapeutic intervention. However,
due to their hydrophobic character, the fine characterisation of different
aspects of the folding, membrane insertion and structure-function relation-
ships of membrane proteins has been delayed more than expected. For exam-
ple, very few membrane protein structures are known at atomic resolution
(~20 out of over ~20,000 known structures), which is a major stumbling block
in our understanding of how they function, how to correct their malfunctions
and how to exploit them. In soluble proteins, the knowledge of protein struc-
tures paralleled with the definition of the molecular mechanisms that govern
protein folding has permitted a better understanding of protein function.
This has facilitated the rational design of new pharmaceuticals directed to
selected target proteins. It is reasonable to believe that the same approach
could be extended to membrane proteins. Thus, there is increasing interest in
the definition of the molecular mechanism that drives the folding of proteins
in the membrane environment, and in particular in the rules that permit TM
segments to be energetically stabilised through packing interactions.

When studying membrane proteins one has to clearly realise that these
proteins “live” in an environment completely different from the aqueous
media, the membrane. The cell membrane is a highly heterogeneous media,
composed mainly of phospholipids that are self-organised in two leaflets giv-
ing rise to the formation of a bilayer. The hydrocarbon core (HC) is the
hydrophobic part of the membrane that is approximately 30 A thick. The
polar heads of the phospholipids define the lipid/water interphases (IF) and
add 15 A to the thickness of each leaflet. It is this complex environment, with
physical and chemical properties different from aqueous media, into which
membrane proteins are integrated.

All membrane protein structures solved to date show that TM domains fold
as either a-helices or B-strands, due to the physical and chemical constraints
imposed by the hydrophobic environment (White and Wimley, 1999). The «-
helical-type proteins are most abundant and can be made up of a single helix
or of multiple helices packed together in bundles. The folding of constitutive
a-helical membrane proteins has been conceptualised, in its simplest form, as
a two-stage process (Fig. 1.1), in which the helices are first independently
formed across the membrane and then laterally assembled to form the native
protein (Popot and Engelman, 1990). The formation of the individual helices
is a consequence of main-chain hydrogen bonding, as the hydrophobic effect
of the lipid bilayer has an influence, restraining other unordered peptide
structures that would expose polar peptide bonds (reviewed in (White et al.,
1998)). The side-to-side helix association or protein assembly, the second
stage, is driven by different interactions, like van der Waals forces, electrosta-
tic effects, steric clashes, or differential effect of asymmetrically distributed
lipids (Popot and Engelman, 2000; White and Wimley, 1999).
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Fig.1.1. The two-stage model. a The first stage,
insertion of the prefolded helix in the lipid bilayer.
b The second stage, lateral association between
inserted TM helices to produce the folded structure

These theoretical principles have been, to some extent, demonstrated by
means of membrane spanning synthetic peptides that become folded in the
membrane media and by experimental systems that allow the study of mem-
brane multispanning helices. However, the main problem is to obtain detailed
information on protein structures. This is due, in part, to the loss of structural
stability of the proteins outside their natural media, and on the extreme com-
plexity that the membrane introduces when classical methods of protein
structure analysis are contemplated (DeGrado et al., 2003). Thus, the develop-
ment of new, or the improvement of “classical”, strategies to study membrane
proteins at the atomic level is one of the key areas in structural biology. In this
sense, the use of well-characterised model proteins could allow the design of
experimental techniques directed to the study of complex questions still to be
solved regarding membrane proteins. One of the best-suited models of a
membrane protein that oligomerises (more specifically, dimerises) through
interactions of its TM «-helices is undoubtedly Glycophorin A (Arkin, 2002;
Lemmon and Engelman, 1994).

1.2 Glycophorin A as a Model System

Glycophorin A (GpA) was the first membrane protein whose sequence was
determined. A long stretch of hydrophobic amino acid residues was identified
from these studies (Tomita and Marchesi, 1975). Furthermore, GpA has pro-
vided the first clear example of non-covalent membrane protein oligo-
merisation due to specific interactions of its TM a-helices (see Bormann and
Engelman, 1992 for a review). The free energy decrease associated with the
dimerisation process is enough to confer dimerisation of an unrelated water-
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soluble protein when fused to the TM domain of GpA to form a chimeric pro-
tein (Lemmon et al., 1992a). Moreover, the addition of a His-tag at the extreme
C-terminus of this fusion for purification purposes did not perturb TM asso-
ciation (Mingarro et al., 1996).

The wide use of this protein as a model membrane protein is also based on
its intrinsic simplicity, since its single TM fragment drives a detergent resis-
tant homodimerisation of the protein. Thus, the dimerisation process and
those factors that could affect or modify it can be analysed using SDS-PAGE.
The GpA homodimer, defines a dimerisation interface that has been exten-
sively studied by diverse techniques such as saturation mutagenesis (Lemmon
et al., 1992b), alanine-insertion scanning (Mingarro et al., 1996), computa-
tional modelling (Adams et al., 1996), solution NMR in dodecylphospho-
choline micelles (MacKenzie et al., 1997) and solid-state NMR in lipid mem-
branes (Smith et al, 2001). The output of these studies describes a
dimerisation motif in the TM fragment composed of seven residues,
L75IxxGVxxGVxxxT#, which is responsible for the dimerisation process
(Fig.1.2).

In the present study, we have focused on three major factors that have an
influence on the molecular mechanism of helix-helix packing in a membrane-
like environment. First, we analysed how important it is to keep a minimum
distance between the dimerisation motif and the flanking charged residues
on the cytoplasmic side of the protein. Secondly, we described the minimisa-
tion of the GpA dimerisation motif that allows dimer formation in homoge-
neous poly-leucine stretches of different length. Finally, we would like to
achieve an experimental rationalisation for the observed and unexpected
over-representation of proline residues in TM fragments as well as their role
in membrane protein assembly.

Fig. 1.2. Ribbon drawing derived from the GpA TM helix
of the experimental NMR structure (PDB file 1AFO). The
seven critical interface residues are shown in space-filling
mode, residues Leu89-Tyr93 in ball-and-sticks mode. The
drawing was generated using the program WebLab
Viewer Pro 3.7 (Molecular Simulations, San Diego, Cali-
fornia)
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1.3 Influence of the Distance Between the Dimerisation
Motif and the Flanking Charged Residues on the Packing
Process Between TM Helices

The presence of positive charged residues at the cytoplasmic side of TM frag-
ments is a feature of many membrane proteins. In most organisms the orien-
tation of TM fragments in the membrane seems to be influenced by the
charge distribution flanking the hydrophobic core of the TM segment. Posi-
tively charged amino acid residues often direct a charged domain to remain
on the cytosolic side of the membrane (the side of protein synthesis). This
experimental observation is formally known as the “positive-inside rule” (von
Heijne, 1992).

Glycophorin A has at its C-terminus, adjacent to the TM fragment, arginine
and lysine residues that corroborate the general rule. In particular, the TM
fragment of GpA has a stretch of basic residues located eight residues down-
stream from the last amino acid of the dimerisation motif (Thr87). Although
the residues included in the hydrophobic stretch (Ile88-11€95) are not directly
implicated in the net of van der Waals interactions that maintain the dimeric
structure of this protein, deletions in this region (mutants A89/93, A89/91and
A91/93, for example) abrogate dimer formation, (see Table 1.1). These last
three constructs all contain a deletion of the amino acid residue Ile91,located
at the contact interface of the two TM helices (Fig. 1.2). However, a mutant
protein with a point deletion of this residue (A91) dimerised as efficiently as
the wild type (Table 1.1 ), indicating that Ile91 is probably not specifically

Table 1. Dimerisation capacity of GpA C-terminal mutants

Mutant Sequence Dimer (%)
Wt Z2EITLIIFGVMAGVIGTILLISYGIRRLIKK ! 84
A89/93 Z2EITLIIFGVMAGVIGTI-—-GIRRLIKK!0! 0
A89/91 Z2EITLIIFGVMAGVIGTI--SYGIRRLIKK 0! 0
A91/93 Z2EITLIIFGVMAGVIGTILL--GIRRLIKK 0! 9
A91 Z2EITLIIFGVMAGVIGTILL-SYGIRRLIKK ! 86
91-93L Z2EITLIIFGVMAGVIGTILLLLLGIRRLIKK 0! 78
91-95L Z2EITLIIFGVMAGVIGTILLLLLLLRRLIKK!0! 77
A89/91,A96/97 Z2EITLIIFGVMAGVIGTI--SYGI-LIKK!0! 2
A89/91,96/97L Z2EITLIIFGVMAGVIGTI--SYGILLLIKK ! 2
A89/91,96/97L,100/101L  Z2EITLIIFGVMAGVIGTI--SYGILLLILL®! 73
A91,A96/97 Z2EITLIIFGVMAGVIGTILL-SYGI-LIKK 0! 0
A91,96/97L Z2EITLIIFGVMAGVIGTILL-SYGILLLIKK!0! 45
A96/97 Z2EITLIIFGVMAGVIGTILLISYGI-LIKK!0! 69
96/97L Z2EITLIIFGVMAGVIGTILLISYGILLLIKK!®! 74

96/971,100/101L ZEITLIIFGVMAGVIGTILLISYGILLLILL!! 55
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required for dimerisation raising the possibility of an important role of the
helix length in the dimerisation process.

Next, we evaluated whether an amino acid-dependent specificity event is by
itself responsible for the lack of protein dimerisation in these regions. The
GpA TM fragment is entirely a-helical (MacKenzie et al., 1997). In order to
minimise any putative local secondary structure perturbation due to point
mutation, we selected leucine as a replacement (Table 1.1) for wild-type
residues in the GpA TM fragment. Leucine has a high a-helical propensity in
membrane environments (Li and Deber, 1994) and it seemed unlikely that
leucine mutations would cause gross secondary structure perturbation.
Moreover, this residue is one of the more abundant residues in membrane
environments (Arkin and Brunger, 1998; Bywater et al., 2001; Ulmschneider
and Sansom, 2001). Mutants 91-93L and indeed 91-95L have an oligomerisa-
tion capacity indistinguishable from the wild type sequence, suggesting that
the specific amino acid sequence is not involved in key residue interactions
when the dimerisation of the TM fragment takes place. This is probably done
by keeping the appropriate distance between the flanking charged residues
and the dimerisation motif.

In order to probe this idea a series of new mutants were constructed. Thus,
mutants A89/91-A96/97 and A89/91-96/97L show that deletion or substitution
of R96/R97 is not enough to recuperate dimeric structure, this is probably due
to the presence of the neighbouring lysines (K100/K101) in positions that
could interfere with dimer formation. In fact, the mutant A89/91,96/
97L,100/101L, in which these two last residues are substituted by leucines the
capacity to dimerise was recovered. Altogether these results highlight the
importance of the C-terminal fragment of the TM segment of GpA in main-
taining the charged residues at an adequate distance and orientation in order
to keep the interacting interface intact.

1.4 Length of the Hydrophobic Fragment and
Oligomerisation Processes

The hydrocarbon core (HC) of a membrane has an average thickness of 30 A. A
polypeptide segment of 20 amino acid residues in length, when folded in an a-
helical conformation, would span the length of the HC and could be defined as
a classical TM fragment. However, in cell membranes there is a wide range of
amino acid lengths that defines specific TM segments. It has been postulated
that a TM with a shorter amino acid length would force local lipid rearrange-
ments which could have biological relevance (Dumas et al., 1999; Killian, 1998).
Furthermore, those TM fragments with an amino acid length greater than the
ideal would tilt the helical axis in the membrane (Killian and von Heijne, 2000).

In the two stage model for folding of membrane proteins, as introduced
above, the second stage consists of the packing between TM helices. In
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oligomeric TM proteins this process occurs as a consequence of the energetic
balance between the loss of lipid-protein interactions and the increase in the
number of lipid-lipid and protein-protein interactions (White and Wimley,
1999). The equilibrium established between the monomeric and the oligo-
meric forms could be displaced towards oligomer formation, depending on
several factors that could modify the energetic balance. Among the factors
that affect the oligomerisation processes, the mismatch between the length of
the TM fragment and the membrane width is probably, although of great
importance, one of the less studied. This is mainly due to the absence of direct
experimental evidence that the concept of hydrophobic mismatch operates in
biological membranes (Dumas et al., 1999). In addition, the wide diversity in
acyl chain length and structure that lipids display in biological membranes
makes it difficult to perform systematic studies.

In this scenario, we investigated the role that the length of the hydropho-
bic TM fragment could play on the capacity to drive dimerisation of the GpA
oligomerisation motif in a membrane-mimetic environment (SDS micelles).
A set of chimeric polyleucine fragments with different hydrophobic lengths
were used to provide a homogeneous, but non-dimerising scaffold in SDS
(Zhou et al., 2000). The capacity to induce dimerisation of the poly-leucine
segments (see Table 1.2), is dependent on the length of the hydrophobic
region, indicating that, in fact, the energetic balance that drives the
monomer-dimer equilibrium can be displaced as a function of the hydro-
phobic mismatch. Insertion of the GpA dimerisation motif in hydrophobic
regions of 15 leucines in length (15L) is not enough to induce dimer forma-
tion between these artificial TM helices, and also a decrease in dimerisation
levels is observed for hydrophobic segments longer than 24L, showing that
in both too short and too long TM fragments, the oligomerisation equilib-
rium is displaced towards the monomeric form of the protein. In order to
check if the position of the dimerisation motif inside the hydrophobic
region could perform a role in the process, we designed mutant 18Lb

Table 2. Influence of hydrophobic fragment length on
the dimerisation capacity induced by the GVxxGVxxT

motif

Mutant Dimerisation percentage
L,GVL,GVL,TL,(15L) 0
L,GVL,GVL,TL,(18L) 68+4
L,GVL,GVL,TL(18Lb) 46+12
LGVL,GVL,TL(21L) 68+3
L,GVL,GVL,TL,(24L) 64+18

L,GVL,GVL,TLy(27L) 31+13
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(Table 1.2), in which this motif was moved approximately one helical turn
upstream. We found that thel8Lb construct is capable of inducing dimerisa-
tion, suggesting that the number of leucine residues at the N-terminus of the
hydrophobic region is not the main reason for the observed differences in
dimerisation between mutants 15L and 18L (Table 1.2), thus indicating that
the length of the hydrophobic fragment is mainly responsible for losing
dimerisation capacity.

These results can be explained by considering the energetics of the system.
Introduction of a TM fragment within the hydrophobic media when there is a
hydrophobic mismatch produces distortion on the surrounding acyl chains,
this is done in order to avoid unfavourable exposure of hydrophobic protein
surfaces to a hydrophilic environment. As a consequence, an increase of the
entropy of the system may be produced when a positive as well as a negative
mismatch occurs. In this context, oligomerisation between TM fragments pro-
duces a decrease on the surface of protein-acyl chains interactions causing a
reorganisation of the media that renders a more ordered environment, that is,
a decrease in entropy in the system. When there is a wide mismatch, gains in
protein-protein interactions as well as improvement in protein-acyl chains
interactions are not enough to compensate for the loss of entropy produced
by the oligomerisation processes resulting in the observed bell-shape profile
(Table 1.2). Interestingly, the same profile was found in a statistical analysis of
length distribution of predicted TM a-helices, where the average length was
roughly 21 hydrophobic residues for multispannig proteins, and one to two
residues longer in single spanning membrane proteins (Arkin and Brunger,
1998). These lengths coincide both with the minimum length of an «-helix
required to traverse a 30-A-thick lipid bilayer (as stated above), and with the
maximum dimerisation efficiency observed in the present study.

Allin all, mismatching could influence behaviour of hydrophobic TM frag-
ments on the membrane by modifying not only insertion, orientation and
sorting of membrane proteins but also influencing helix-helix association
and/or disassociation. This is an interesting issue in view of the increasing
body of evidence for coexisting membrane domains with different lipids
compositions, and (apparently) different widths.

1.5 Prolines in Transmembrane Helix Packing

Proline is among the twenty different residues that form part of proteins and
is unique in some of its properties. Its lateral side chain forms a pyrrolidine
ring by bonding with the amine group of its backbone. The main consequence
of having this structure is that the capacity to form structures in proteins such
as a-helices or B-sheets is restricted. In the case of -sheets the phi angle is
about -120° to -140°, and proline is limited to -60° to +25° (Li et al., 1996). In
contrast, proline angles are not incompatible with Ramachandran diagram
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for a-helical structures. Nevertheless, this residue lacks the amide proton and
this therefore produces a disruption of the hydrogen bonding network
required to maintain helical structure. At the same time the bulkiness of the
pyrrolidine ring produces steric folding problems, inducing kink formation
on the helix backbone. For these reasons proline residues in soluble proteins
usually form part of turns, unstructured regions or in the case of a-helices is
located preferentially on the first turn, where these problems seem to be less
crucial (Kim and Kang, 1999).

The fact that the presence of a proline in an a-helical structure leaves a car-
bonyl group which without hydrogen bonding could lead to the idea that in
membrane environments the presence of this residue should be avoided due
to its polar character. Notwithstanding this idea, the proline residue is found
to be widely distributed in the putative TM helices of many integral mem-
brane proteins (Li et al., 1996; Sansom, 1992), and it has been implicated in rel-
evant cellular processes such as channel gating (Tieleman et al., 2001), G pro-
tein coupled receptors (GPCRs) function (Sansom and Weinstein, 2000), or in
membrane protein folding precluding B-structure formation (Wigley et al.,
2002). Moreover, the existence of two hydrogen bonds between the C6 protons
of the proline side chain and the carbonyl groups in the preceding turn of the
helix has been described in some cases (Chakrabarti and Chakrabarti, 1998).
This scenario alleviates the problems of a free carbonyl group in a hydropho-
bic membrane environment (Chakrabarti and Chakrabarti, 1998).

In an attempt to understand the role that proline residues perform in TM
helices, or more precisely in helix packing, we have used the GpA system as a
scaffold, where we have replaced every amino acid of the seven residue motif
with proline, allowing us to study its effect on the helix-helix association
process.

As expected (in all but one case; Fig. 1.3), the presence of proline on the
dimerisation interface of GpA precludes dimer formation. The interpretation
is somewhat more complicated for the dimerising Leu75Pro mutant, since as
it was shown in a previous exhaustive saturation mutagenesis study (Lemmon
etal.,1992b), a very subtle alteration in the side-chain structure at Leu75 posi-
tion has a profound effect upon the propensity of the helices to dimerise.

Although the presence of proline residues normally compromise regular
secondary structure formation, the dimerisation degree observed in
Leu75Pro mutant should be compatible with a-helical structures. In order to
test this hypotheses TM peptides containing wild-type and proline 75 GpA
sequences were chemically synthesised. The secondary structure adopted by
both synthetic TM peptides was evaluated by using circular dichroism (CD)
spectroscopy in the presence of dodecylphosphocholine (DPC) micelles, the
media previously used to obtain the solution NMR structure (MacKenzie et
al., 1997). As seen in Fig. 1.4, only small differences were found for both
sequences in this membrane mimetic environment. In addition, in CD spec-
troscopy, the ratio 6,,; ,../6,0s .n has been used to differentiate between
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Fig. 1.3. Substitution of the amino acids of the seven residue motif of GpA by proline.
Samples were run on a 12 % SDS-PAGE. The effect that these replacements have on the
dimerisation capacity of the protein are quantified in the graphic shown at the top

monomeric or coiled a-helices. From the CD spectra of the two peptides we
obtained a 0., ../0,s ., Fatio close to 1.0, which has been proposed for a two
stranded a-helical coiled-coil (Lau et al., 1984), suggesting dimer formation
in both peptides.

These results point to a similar folding of both peptides, probably by main-
taining intact the core of the motif formed mainly by the most C-terminal
residues, i.e. ?GVxxGVxxT¥. It is important to note that proline is unique in
that it is an imino (rather than amino) acid lacking the amide hydrogen atom,
and is thus unable to act as a hydrogen bond donor. A necessary function of
this, is that it is incapable of forming (at location i) the hydrogen bond with
the carbonyl group of a residue (at i - 4) in the preceding turn of a canonical
a-helix, without major distortion of the C-terminus of the helix which
includes the rest of the dimerisation motif.

To summarise, although in soluble proteins the presence of proline
residues in a-helices usually produces disruption of this structure; unfolded
proteins have the possibility of forming H-bonds with the aqueous medium.
However, in membrane environments, this local unfolded situation is only
possible at the ends of TM fragments at the interface of the membrane where
the environment is more polar. In fact, that would explain the results obtained
for the Leu75Pro mutant. Statistical studies about abundance of proline
residues in TM fragments (Ulmschneider and Sansom, 2001) show also thatin
natural membrane proteins, prolines are usually located at the ends of TM
helices. Experiments studying the influence of proline residues replacing the



Chap. 1 Helix-Helix Packing Between Transmembrane Fragments 11

Fig.1.4. Circular dichroism
spectra of the synthetic pep-
tides corresponding to the TM
fragment of GpA in the pres-
ence of 10 mM DPC. The black
line shows the results
obtained for the wild-type
sequence and the grey line for
the Leu75Pro mutant. Peptide
concentration was 30 uM in
both cases

rest of hydrophobic residues of the GpA TM fragment are currently in
progress in our laboratory.

1.6 Future Prospects for Membrane Protein Analysis

Wide distribution of membrane proteins and their implication in many
essential cellular processes has increased the necessity of understanding
more about how they work. The association, folding, and misfolding of TM
domains play important roles in physiological as well as pathophysiological
processes (Partridge et al., 2002; Wigley et al., 2002). Furthermore, transient
associations of TM domains are also believed to be important for the regula-
tion of a variety of proteins (Giancotti, 2003).

A variety of theoretical and experimental complications must be consid-
ered when attempting to characterise a system involving integral membrane
protein folding or oligomerisation. It is therefore necessary to explore simple
model systems in order to wade through this difficult problem. In our
approach, it is possible that for some constructs we do not detect dimerisation
in SDS (merely due to the relatively harsh conditions of SDS-PAGE, as pointed
out previously in this system (Schneider and Engelman 2003), but they could
associate it in an actual membrane. Despite this caveat, and taking into
account paucity of structural information on membrane proteins, the results
obtained with the GpA system contribute to a better understanding of the fac-
tors that take part in the process of packing between TM helices. The results
presented here highlight the importance of flanking polar residues position-
ing and mismatching, in the oligomerisation processes. We have also intro-
duced results regarding the consequences of the presence of proline residues
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in a dimerisation interface. Until techniques evolve to give us the opportunity
of using more accurate systems, the type of strategy described here must be
used in order to obtain valuable information about how the membrane pro-
teins world work.
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2 Mobility Studies in Proteins by >N Nuclear
Magnetic Resonance: Rusticyanin as an Example
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Abstract

The knowledge of the molecular structure is the first step in comprehending
how a protein works. The second level consists of understanding its mobility
features. NMR is the only technique that allows the characterization of these
two properties. Here,we will describe the relationships between the dynamics
of a protein and some Nuclear Magnetic Resonance (NMR) parameters easily
achievable, concretely, the >N relaxation times (T, and T,), and the heteronu-
clear 'H-'>N nuclear Overhauser effect. NMR also allows the detailing of the
residues exposed to the solvent, i.e., to identify protein/water interactions. All
this information together is essential for describing the functionality of a pro-
tein. As an example, we present here a °N heteronuclear NMR study on rusti-
cyanin (Rc). Rc possesses a very high redox potential and is very stable at low
pH values. Our study reveals that Rc is also very rigid and highly hydrophobic.
The present study strongly indicates that both thermodynamic and mobility
properties of Rc are correlated.

2.1 Introduction

Structure-function relationships are one of the main topics in biochemical
related sciences. The characterization of the global and local tridimensional
structure of a biomolecule is the first crucial step in order to understand its
behavior. On one hand, protein functionality depends, in most cases, on the
capability of interacting with a partner and, in turn, on how both molecules
can be docked with each other and with the solvent. This docking would not
be possible if proteins were rigid and fixed structures. Thus, the understand-
ing of dynamic properties, in terms of both local fluctuations and domain-

Principles and Practice

Methods in Proteome and Protein Analysis

R.M. Kamp, ].]. Calvete, T. Choli-Papadopoulou (Eds.)
© Springer-Verlag Berlin Heidelberg 2004




16 Beatriz Jiménez et al.

domain reorientations, is essential to get insights into protein functionality.
On the other hand, protein function and stability depend on the way the pro-
tein is folded. This is a consequence not only of the intra-molecular protein
interactions, but mainly, of interactions of the protein with the solvent (water
molecules).

2.1.1 NMR Versus X-Ray for the Acquisition of Dynamic Information

X-ray diffraction was revealed as the most powerful technique to resolve
tridimensional structures of proteins. Nevertheless, there are mainly three
drawbacks with this technique. Firstly, the calculated structure belongs to
crystallized molecules and not all molecules can be obtained in this form. Sec-
ondly, the conformation adopted by the protein under crystallization condi-
tions (usually high salt concentrations) is not necessarily the same as the sol-
uble (typically active) form of the protein. Thirdly, and most importantly with
regard to this chapter, X-ray diffraction does not provide information on the
dynamics properties of the system.

Although the so-called temperature or B-factor in a solved crystal structure
is indicative of the degree of disorder of the corresponding region, this is not
a direct measurement of the mobility itself. In any case, the time scale of the
dynamic processes is not extracted from it. Moreover, X-ray diffraction details
very accurately the position of the water molecules in the crystal cell, but,
again, offers no information on the time scale of their exchange with the bulk
solvent. The knowledge of these data can be relevant in understanding the
role of the water molecules in the structure or the function of the molecule.

Nuclear magnetic resonance (NMR), on the contrary to this, is not only
suitable for determining of the structure of proteins in the solution (ca. 20 %
of the Protein Data Bank structures have been performed by NMR), but also
can proportionate a detailed picture of the mobility of both the backbone and
side chain of each individual residue (Peng and Wagner 1994, Dayie et al.
1996, Palmer 2001, Palmer et al. 2001, Bax 2003). NMR can also provide infor-
mation on the time scale (from pico- to milliseconds) of the observed move-
ments. Location of solvent molecules can also be detected by NMR (Brunne et
al. 1993, Otting and Lieppinsh 1995, Bertini et al. 1997, Mesgarzadeh et al.
1998, Wider 1998, Bertini et al. 2000). More importantly, NMR can discrimi-
nate water molecules that remain in protein cavities longer than the correla-
tion time of the molecule (probably structural or functional water molecules)
from those that exchange fast with the bulk solvent (Dalvit and Hommel 1995,
Dalvit 1996). Thus, NMR is a unique technique that permits the complete
structural and dynamic characterization of a protein as well as of its hydra-
tion properties.
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2.1.2 Dynamics of Proteins and NMR

2.1.2.1 Theoretical Considerations

When a molecule is placed into a magnetic field, the NMR active nuclei orient
their magnetic moments and create a net magnetization in the direction of
the applied field (by convention, z-axis), while the net magnetization perpen-
dicular to that magnetic field (xy-plane) is zero. If we perturb (typically with
a pulse) the system, it will tend to restore the equilibrium state via a process
termed relaxation. The time that the net magnetization needs to recover the
equilibrium will depend on the capability of each individual spin to exchange
its excess of energy with the environment. Two relaxation times are currently
defined: one related with the time that the magnetic moment takes to reach
the equilibrium condition in the z-axis (longitudinal relaxation time, T,); and
the other related with the time that the magnetization takes to reach the equi-
librium condition (net magnetization equal to zero) in the xy-plane (trans-
versal relaxation time, T,).

Relaxation is caused by fluctuation of magnetic dipoles around the con-
cerned nucleus. In solution, the rate of these fluctuations depends on the over-
all molecular tumbling and also on the internal motions. Therefore, nuclear
relaxation in solution is always intrinsically dependent on the dynamics of the
nuclei and, hence, on the mobility of each residue.

Based on sensitivity considerations, 'H would be the most appropriate
nucleus to be investigated. However, proton relaxation is always the sum of
many interactions of comparable magnitude and, hence, it is very complex to
analyze in terms of internal dynamics. In contrast, the relaxation mechanisms
of the 15N nuclei in a protein uniformly enriched with 1’N are much simpler to
predict and to account for. Indeed, the two mechanisms contributing to *N
relaxation are the chemical shift anisotropy of 1°N nuclei (not discussed here)
and the dipole-dipole coupling with its amide proton (Barbato et al. 1992;
Peng and Wagner 1994, Tjandra et al. 1996). Among all backbone groups, both
effects are essentially constant and only depend on the internal mobility of
each individual backbone atom in the molecular frame. This makes '*N an
ideal nucleus to map internal dynamics in proteins.

The study of 1*C in a double (*C and °N) labeled sample is a sort of inter-
mediate state (Atkinson and Lefévre 1999, Guenneugues et al. 1999, Walsh et
al. 2001). Let us consider the case of a *Cat nucleus. Here, the main source of
relaxation is still the dipolar coupling with Ha protons, but there are impor-
tant couplings with the attached carbon nuclei (C’, CB) that cannot be
ignored. The situation is simpler in the case of quaternary carbon atoms, like
backbone 3C’ carbonyl carbons. Relaxation is here essentially dominated by
the strong !J.” -, coupling and by C’ chemical shift anisotropy (Engelke and
Riiterjans 1997). Therefore, the situation in principle is not different from the
I5N case and makes 13C’ appropriate when studying protein dynamics. How-
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ever, the ensemble of theoretical, experimental and economical reasons is
such that the analysis of >N relaxation is by far the most common tool to
address backbone dynamics in proteins.

From the experimental point of view, we need to collect both relaxation
times T| and T, (usually expressed as the reciprocal quantities, R, and R,,
respectively) as well as the direct measurement of cross-relaxation occurring
between 'H and N spins. This is also available on an experimental basis by
means of the nuclear Overhauser effect (NOE) measurements.

Relaxation >N parameters (R, R,, and '"H->’N NOE), without any further
data analysis, provides direct indications on the relative mobility of each
nucleus (Peng and Wagner 1994). For instance, R, or R, relaxation rates
shorter than the average value in a protein (and, in general, in macromole-
cules with molecular weight larger than 3-5 kDa) denotes local mobility in
the pico- to nanosecond time scale. Small (or even negative) 'H-'SN NOE val-
ues are also indicative of this kind of dynamics in the studied region. In con-
trast, transversal relaxation rates, R, significantly larger than the average
value indicates mobility in the micro- and millisecond time scale.

If we want to obtain not only qualitative information, we should analyze
how backbone dynamics can be quantitatively extracted from !'*N relaxation
parameters. A full exposition of the theory is reported elsewhere (Abragam
1961, Kowalewski 1987, Barbato et al. 1992; Mandel et al. 1995; Palmer 2001);
here, we will comment on this analysis in a pictorial way. The extent of dipole-
dipole 'H-°N relaxation as well as that of the 'H-'SN NOE effect are described
by the following equations (Mandel et al. 1995; Palmer 2001):

RI(ISN)zArg,i,ﬁ(wH,wN) (2.1)
Ro(°N) = Brigy fy (@010, 0y ) + R,y (2.2)
NOE('H-"N)=1+Cri fy 0y ) (2.3)

where A, B, and C are known constants, 7, is the 'H-15N distance (0.91 A), the
term R, [Eq. (2.2)] accounts for chemical exchange processes (i.e. in the
mico- and millisecond time scale) and the f; functions (with i=1, 2, 3) are lin-
ear combinations of the so-called spectral density function, J(w). Therefore,
the measurement of these relaxation parameters (R, R,,and 'H->N NOE) can
provide a detailed description of the spectral density function for each pair
lH_lSN.

The magnetic field observed by a >N nucleus fluctuates due to its neighbor
'H because of the whole protein tumbling and of the local movements. The
spectral density functions describe how fluctuations at different frequencies
affect the relaxation of a given nucleus. The contribution that a fluctuating
field at frequency w provides to the nuclear relaxation also depends on the
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global molecular motions from the following equation (Abragam 1961,
Kowalewski 1987):

](oo) =—"c— (2.4)

l+(x)2‘[§

To factorize out internal motions from global reorientation motions due to
molecular tumbling, the spectral density functions can be represented on the
basis of the approach developed by Lipari and Szabo (Lipari and Szabo 1982,
1982), in the following form:

§2¢ .\ (l—Sz)TC

r 5 (2.5)
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|
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where 1, is the correlation times for the overall tumbling of the molecule and
1 -'=1,- 41,7}, in which 1, is the correlation time for internal motions. The cor-
relation times account for the time scales in which dynamic processes occur.
§?is defined as the generalized order parameter. It takes values from 0 to 1. A
value of zero for the $? parameter indicates a completely free (isotropic)
movement of the N-H pair (low degree of order). For an §? value of 1, the
movement of that pair is completely restricted and anisotropic (maximum
order). When an N-H pair rotates with the overall tumbling of the molecule
(i.e. if this pair is fixed in the scaffold of the protein, as typically happens to
protons present in a B-barrel or in an a-helix substructure; Fig. 2.1), 7.=1,,and
the second term of Eq. (2.5) vanishes. When the residue possesses its own
local movements, then 7 #7,.In this case, the $? provides the quantitative esti-
mate of the degree of local motions while the time scale of this movement (z,)
can be obtained by these measurements. This is usually the case of loops or
less structured regions of proteins (see Fig.2.1).

2.1.2.2 A Quantitative Analysis of the Model-Free Approach

According to the so-called model-free approach, developed by Lipari and
Szabo (1982, 1982), fast internal motions can be described by two model inde-
pendent quantities: a generalized order parameter, S% which provides a mea-
sure of the amplitude of the motion, and an effective correlation time, r,. The
description of motions slower than the overall molecular tumbling are
accounted for with the introduction of the parameter R, [Eq. (2.2)].

This three-parameter approach allows the possibility of using several dif-
ferent models to explain the experimental data. Palmer et al. (1991; Mandel et
al. 1995; Palmer 2001) have developed a procedure based on the definition of
a series of dynamical models and relying on the use of a model selection pro-
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Fig.2.1. Ribbon diagram of rusti-
cyanin (1 cur.pdb; Botuyan et al.
1996); the copper ion is displayed as
a ball at the top of the molecule. The
B-barrel, and the a-helix are colored
in light and dark gray, respectively.
The arrow represents the orientation
of the magnetic field. Three N-H
pairs are specifically plotted: two of
them belong to secondary structural
elements of the protein (one in the
a-helix, and the other one in the B-
barrel), and hence, 7. is equal to 7,
for them (see text); the third (at the
top) is located in a loop. For this last
pair, z, differs from 7,

tocol derived from statistical methods. The steps of this protocol are briefly

summarized here:

- Analysis of the model for whole protein motions: Local correlation times
obtained for each individual N-H pair are statistically fitted versus an input
structure of the protein to obtain an initial estimate of the diffusion tensor.
Three different models were considered for the diffusion tensor: fully
isotropic, axially isotropic or anisotropic movement. The best fit will pro-
vide the nature of the overall molecular motion experienced by the investi-
gated system.

- Analysis of the model for each backbone N-H pair: Once the diffusion ten-
sor is assumed, relaxation parameters of each N-H pair are individually
examined and assigned to one of five different models. In model 1, the
internal dynamics experienced by the N-H vector pair can be accounted for
by using only a one-parameter fit, which is the generalized order parame-
ter §%. In model 2, two parameters are used, $? and r,, thus indicating that a
fast correlation time (faster than the overall z) is needed to account for
relaxation parameters of individual residues. Models 3 and 4 are equivalent
to models 1 and 2, respectively, but also assume the occurrence of chemical
exchange rates in the micro- to millisecond time scale, i.e., the R, term
[Eq. (2.2)] is fitted in both models. Finally, model 5 introduces a second
order parameter S;and uses an expression for the spectral density function
more complex than Eq. (2.5). It accounts for those residues in which the
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autocorrelation function cannot be approximated with a single exponen-
tial according to the Lipari and Szabo treatment, but it requires at least two
exponential functions (Clore et al. 1990).

2.1.2.3 Practical Aspects

The sensitivity of an NMR experiment as a function of the acquired nuclei is
proportional to (Ernst et al. 1987):

SIN @ o fi-expl- /1) (2.6)

where S/N is the signal to noise ratio (i.e. the sensitivity of the experiment),
Yero and v,,, are the gyromagnetic ratios of the excited and observed nuclei,
respectively, and ¢ represents the time while the signal is being acquired (the
acquisition time). Direct measurements of "N-NMR relaxation are per-
formed by exciting and observing '*N nuclei (y,5=-2.713x107 T-! s rad™").
Inverse experiments are those heteronuclear experiments in which 'H nuclei
are excited and acquired (y,;;=2.675x108 T-! s rad~!). In these experiments, the
magnetization is transferred from one nucleus to another by heteronuclear
polarization transfer mechanisms and the low sensitivity nucleus is always
frequency labeled in the indirect dimensions.

Equation (2.6) indicates that a '"'N-NMR experiment performed in the
direct mode is ca. 350 times less sensitive than the corresponding inverse
experiments. The basic inverse experiment is the heteronuclear '*N single
quantum coherence (HSQC) experiment (Bodenhausen and Ruben 1980), a
2D experiment that relates an amide 'H with its attached '°N. For a moder-
ately large protein, this experiment allows the resolution of each individual N-
H peak (fingerprint), to provide a very sensitive tool for a quick map of local
structural rearrangements. In Fig. 2.2, the HSQC spectrum of rusticyanin is
depicted. This protein possesses 155 amino acids, each of them (except the N-
terminal and the proline residues) gives rise to a peak in the HSQC. As
observed, most of the peaks are very well resolved. In the different experi-
ments to measure the relaxation properties of the N nuclei, a set of these
experiments with a varying specific parameter (a delay time) of the corre-
sponding pulse sequence is recorded. The intensity of the observed peak is
modulated by this parameter according to the relaxation property of the °N
nucleus. By fitting the intensity of the observed peak versus the value of that
parameter, the relaxation property of the '°N nucleus can be measured.

The typical experiment to measure N R, relaxation (Peng and Wagner
1994) is shown in Fig. 2.3A. It is based on a polarization transfer from 'H to
5N magnetization whose frequency is labeled. Then, >N magnetization is
rotated along the z axis and, during the period T, each individual >N nucleus
is allowed to relax. The intensity of the acquired signal will depend on the >N
T,
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Fig.2.2. '>’N-HSQC spectrum of copper(I) rusticyanin performed at 500 MHz (2.0 mM,
pH 5.5,acetate buffer 0.1 M, 296 K): A in H,0; B one week after having dissolved the sam-
ple in D,0

A L __?:H I"__L,_,
" l ‘I 3| ‘l s I ; l I‘ ‘l‘ ’_:O Fig.2.3. Pulse sequences used to deter-
111 mine: A N longitudinal relaxation
N I ' I l I I | I | GARP rates, R, (Peng and Wagner 1994); B 1°N

transversal relaxation rates, R, (Kay et
al. 1992; Peng and Wagner 1994); C and
D 'H-5N NOE values (Grzesiek and
B —_—— Bax 1993). In sequence A, the '°N 90

L N D | | s)s|s):p.A¢  pulse Ptakes N magnetization to the
" 2t "~ z-axis. Then during the period T the
Y B B | | 111 &% N nudeus relaxes (according to its

' : T,). The second 90 pulse (pulse P")

orad L : 1L turns >N magnetization towards the xy
plane. The rest of the sequence is a typ-
ical HSQC spectrum. In sequence B, the
5N magnetization is always on the xy
plane. During the period T, "N nuclei
relax according to their T, values. For
determining both T, and T, for each
15N nuclei a series of this experiment,
varying the delay T is acquired.
Sequences C and D are almost the
same: in the first, the amide protons are
saturated (real NOE spectrum); while
in sequence D, the amide protons are
not saturated (NOE reference spec-
trum). '"H-’N NOE values are obtained
from the intensity ratio observed in
these two experiments (see text)

(- [ TN
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The experiment to measure >N R, relaxation (Kay et al. 1992; Peng and
Wagner 1994) is shown in Fig. 2.3B. At variance with the previous one, each
5N magnetization is not rotated onto the z-axis, and therefore, each signal is
allowed to relax in the x,y-plane during the period T. Now, the intensity of the
acquired signal will vary in accordance with its T,. Pulses of 180° applied to
both 'H and *N during the variable relaxation delay T are required to prevent
the evolution of chemical shifts and cross correlation effects (the latter will
not be discussed here), which may affect the analysis of relaxation rates.

Figure 2.3C reports the experiment to collect 'H-1’N NOE values (Grzesiek
and Bax 1993). Basically, amide 'H resonances are saturated before transfer-
ring the magnetization to the N nucleus. Therefore, the intensity of each
peak will depend on the cross relaxation operative between each 'H-'>N pair.
This intensity is then compared with reference experiment (reported in
Fig. 2.3D) in which the 'H amide spins are not excited.

2.1.3 The System: Rusticyanin

As an example of the information that NMR provides on protein dynamics
and hydration, we report here the study of rusticyanin (Rc hereafter). Rc is the
most abundant protein in the Gram negative bacterium Thiobacillus ferroox-
idans (Tf), that lives in very acidic media by oxidizing the Fell ion to Felll
(Ingledew et al. 1977, Ronk et al. 1991). Thus, this protein is very stable at pH
values lower than 2.5 (Cobley and Haddock 1975, Cox and Boxer 1978, Hall et
al. 1996). Rc belongs to a class of proteins denominated blue copper proteins
(BCPs) (Gray et al. 2000, Randall et al. 2000). The copper ion in these proteins
presents a redox potential higher than that of the Cull/Cul pair in aqueous
solution. Rc is the BCP with the highest redox potential (680 mV) (Ingledew
and Cocco 1980, Blake and Shute 1987, Shoham 1992, Hall et al. 1999).

As all BCPs, Rc topology consists of a B-barrel structure with a copper ion
in the so-called “north pole” of the molecule (Fig. 2.4A). These structural ele-
ments are, in the case of Rc, supplemented with an extension of 35 amino
acids (N-35 extension, hereafter), not present in other BCPs (Djebli et al. 1992;
Grossmann et al. 1995; Botuyan et al. 1996, Walter et al. 1996, Grossmann et al.
2002) (see Fig. 2.4A). This extension contains an a-helix and three -strands,
the first two being anti-parallel. For comparison, the tridimensional structure
of plastocyanin from Synechocystis sp. PCC6803 (Bertini et al. 2001) is dis-
played in Fig. 2.4B. We will report here how '°N relaxation data will account
for the specific structural features of rusticyanin and how internal dynamics
and protein hydration are important to address structure-function relation-
ships in this protein.
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Fig.2.4. Ribbon
diagram of: A R¢; B
Pc (Bertini et al.
2001). B-Barrels are
displayed in light
gray. Rusticyanin
N-35 terminal
extension is dis-
played in dark gray

2.2 Results and Discussion
2.2.1 Relaxation Properties of Rusticyanin

2.2.1.1 Relaxation Data

Figure 2.5A-C displays the relaxation data (R,, R,, and 'H->N NOE) per
residue for Cu(I)Rc (acetate buffer 50 mM, pH 5.5, 296 K). As outlined above,
the direct analysis of relaxation data provides a quantitative indication of the
occurrence of regions or domains characterized by peculiar features in terms
of internal mobility. Large R,, small R, and small 'H->N NOE values are
indicative of fast internal motions in the pico- or nanosecond time scale. The
average value of the longitudinal relaxation rates (R,) of the >N backbone
nuclei was 1.00+0.06 s-!. Six residues (Thr2, Leu3, Asp58, Ala70, Lys119,
Trp127) exhibit R, values significantly larger than this average value. The
average value of the transversal relaxation rates (R,) was 17.4+1.2 s°!. Five
residues (Thr2, Leu3, Gly35, Lys36, and Gly93) have R, values smaller than the
average. The average NOE value for Rc was 0.83+0.04. Eleven residues (Thr2,
Leu3, Gly35, Lys36, Val38, Val56, Asp58, 1le66, Gly69, Tyr96, Ile102) have NOE
values lower than this average NOE (remarkably, Leu3 NOE is negative). All
these experimental data indicates that the most flexible region of the molecule
is the N-terminal domain (residues Thr2, and Leu3, see Fig. 2.4). The regions
encompassing amino acids 35-38,66-70 and 93-96 are the other two loops of
the protein with internal motions in the sub-nanosecond time scale.

The occurrence of conformational exchange, i.e., mobility in the micro- or
millisecond time scale can be qualitatively detected from Fig. 2.5B. According
to Eq. (2.2), chemical exchange (R,,) may directly contribute to R,. Therefore,
residues with R, values, clearly above the average, experience an additional
contribution to their average values expected in the absence of such motions.
This is the case of the region 57-58, which is unambiguously above the gen-
eral trend of the molecule (Fig. 2.5B). This is indicative of conformational



Chap. 2 Mobility Studies in Proteins by !N Nuclear Magnetic Resonance 25

Fig. 2.5. Relaxation data for
reduced rusticyanin (3.0 mM, pH
5.5,296 K): A longitudinal relax-
ation rates, R,; B transversal
relaxation rates, R,; C 'H-*N NOE
values. The secondary structural
elements of Rc are also displayed
at the top of the figure

exchange phenomena occurring in time scales longer than the nanosecond
time. Remarkably, His57 is the residue with the highest R, value. Since the pH
value of our experiments (5.5) is coincident with the pK, value of the imidazol
side chain of a free histidine, it is reasonable to assume that protonation/
deprotonation of this histidine produces two different conformations in our
molecule. Its physiological relevance (if any) cannot be deduced from the pre-
sent study.

To further understand the nature of the detected motions and for the exact
knowledge of their time scales a model-free analysis was performed with the
relaxation parameters.
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2.2.1.2 An Analysis of the Generalized Order Parameter in Rc

Relaxation (R;, and R,) data of Rc were analyzed according to the well estab-
lished procedure of Palmer et al. (Palmer et al. 1991; Mandel et al. 1995). They
were satisfactorily fitted by using the isotropic model. The effective correla-
tion time, 7,, for Rc was 9.6 ns. The order parameter, S?, was calculated for each
residue by applying the model free analysis and according to the four
dynamic models mentioned above. Figure 2.6A displays the S? values for the
111 residues whose relaxation properties have been determined. The average
value is 0.93+0.03.

The overall trend of the order parameter reflects the secondary structure
elements of the protein, with the highest values for the a-helix (0.93) and the
B-strand (0.94) motifs and the largest flexibility in the short loop regions. The
low values of residues 2-3 and 35-36 indicate that the mobility of the N-ter-
minus and the 35-37 region is higher than that of the rest of the molecule.
Other residues with low S? values are all located in loop regions of the protein
(such as Gly48, Ile66, Gly93, Ile102, Thr130, GIn139).

Ninety-four out of 111 analyzed amino acids (84.7 %) fit within model 1 of
the model-free analysis. Seven residues (Lys36, Val38, Ile66, Gly69, Tyr96,
Ile102, GIn139) were fitted by taking into account fast internal motions in the
sub-nanosecond time scale (model 2). Two of them, Lys36 and Val38, are
located in a region that has on average a mobility higher than the rest of the
protein. The same consideration also holds for Tyr96. Tyr96 is located in a

Fig.2.6. A Generalized order
parameter, $%, versus the
residue number for the
reduced Rc (3.0 mM); B corre-
lation times, 1,, for residues
with fast internal motions
(these residues have been fit-
ted according to models 2 or 4,
filled dots, left y-axis); ex-
change rates, R,,, for residues
implicated in dynamics in the
micro- or millisecond time
scale (models 3 or 4, open dots,
right y-axis). The secondary
structural elements of Rc are
also displayed at the fop of the
figure
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Gly-Pro-Pro-Tyr stretch. The correlation times (7,) observed for these
residues, shown in Fig. 2.6B, vary between 15 and 147 ps.

Nine residues (Fig. 2.6B) are only fitted when an exchange time constant in
the millisecond time scale is introduced (model 3). The model-free analysis
also reveals the existence of conformational exchange phenomena (R,,) for
these residues in time scales longer than the overall molecular tumbling.
These exchange rates are in the 2.2-25.7 Hz range. While most of them are
lower than 5 Hz, which is considered a threshold for the detectability of con-
formational exchange effects (Zinn-Justin et al. 1997), the region His57-Asp58
is unambiguously above that limit. Finally, Leu46 is the only residue which fits
according to model 4, with 1, and K, values of 37 ps,and 5.7 Hz, respectively.

2.2.2 D,0/H,0 Exchange Experiments

In order to determine the degree of solvent accessibility, ’N HSQC experi-
ments performed with a fresh sample prepared in D,O were collected between
3 h and 2 weeks after the H,0/D,0 exchange. In Fig. 2.2B, one of these HSQC
spectra is displayed. The 34.6 % of the assigned N-H groups does not appear
in the experiment collected 3 hours after the D,0 exchange. Fifty residues
(36.7 %) retain more than 50% of their initial intensity after 2 weeks. The
remaining amino acids have an intermediate behavior. These results are
schematically shown in Fig. 2.7. The 47 rapid exchanging residues (in white in
Fig. 2.7) are located either at the beginning of the sequence, in the first -
strand, in the 26-37 region, or distributed over the loops connecting the
strands of the [-barrel. The longest hydrophilic region corresponds to
residues encompassing amino acids 93-130. Forty out of the fifty slow
exchanging residues (dark gray in Fig. 2.7) are mainly located in secondary
structure elements characteristic of the classical BCP topology: 29 belong to
the B-barrel structure; 3 are located in the small a-helix region in the north-
ern part of the molecule close to the copper site; and 8 are located in loops.

2.2.3 Dynamics, Hydration, and Rusticyanin Stability

Mobility studies have been performed in three other BCPs: azurin (Az) from
Pseudomonas aeruginosa (Kalverda et al. 1999), pseudoazurin (PsAz) from
Paracoccus pantotrophus (Thompson et al. 2000), and plastocyanin (Pc) from
Synechocystis sp. PCC6803 (Bertini et al. 2001). For all investigated cases, the
average $? order parameters have relatively high values (0.87 in Pc, 0.86 in
Az,0.83 in PsAz). Thus, all BCPs have a rigid structure. This is due to the pro-
tein scaffold imposed by the Greek key topology of the B-barrel and to the
high content in hydrogen-bonds (Gray et al. 2000). This feature allows elec-
tron transfer with a low re-organization energy (Gray et al. 2000, Randall et
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Fig.2.7. Schematic view of Rc back-
bone displaying the amide protons
with fast (white), medium (light
gray), and slow (dark gray) D,0/H,0
exchange pattern

al. 2000). In the case of Rc, the average $? (0.93+0.03) as well as the average
NOE value (0.83 very close to the theoretical maximum, 0.835) indicate an
unusually small degree of internal motions, even in comparison with other
BCPs.

To get some insights into the specific features of Rc, we focused on those
protein regions that are structurally different from other BCPs and those
regions that have peculiar dynamic properties. The Rc elements character-
ized by some degree of internal motions are, in summary, regions 1-5, 35-38,
57-58, 66-70, 93-96 (see Figs. 2.5 and 2.6). Remarkably, residues 1-5 and
33-38 are the most mobile regions. By contrast, §? values indicate that the
region 5-33 has a very restricted mobility. The long amphipatic helix (see
Fig. 2.5A) seems to be (together with the C-terminal side, see below) the
most rigid part of the molecule. Rusticyanin has 35 additional amino acids
that extend the N-terminus, not present in the rest of BCPs (Grossmann et
al. 2002; Fig. 2.4A). Thus, the mobile region (amino acids 33-38) connecting
the classic B-barrel (the typical BCP topology) to such N-35 extension acts
as a linker between two distinct domains. Crystallographic studies reveal
that this extension acts as a belt with respect to the typical -barrel fold
(Walter et al. 1996, Hough et al. 2001, Kanbi et al. 2002). Given the peculiar
features of Rc, this extension has been postulated to be the driving factor
towards the increased acid stability of this protein. Hasnain and coworkers
have recently shown that an N-35 depleted mutant is still soluble in an acidic
environment (Grossmann et al. 2002). They also demonstrated that the N-
terminal extension is responsible for the shielding of the hydrophobic core.
The detailed analysis of hydration properties, that can be performed only by
NMR, shows that the 36.7 % of Rc amide protons are hidden to the solvent.
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Analogous studies performed on Pc (Fig. 2.4B) showed that the non-
exchangeable amide protons are only the 17.2% of the residues (Bertini et
al. 2001). This is a substantial difference that indicates how the N-terminus
extension affects hydration properties of Rec.

Another region characterized by fast internal motions is the turn including
amino acids 93-97 (Gly-Pro-Pro-Tyr-Ala). Of course the occurrence of two
consecutive proline residues might be responsible for the high mobility. The
equivalent residues in other BCPs (residues 46-49 in Pc (Bertini et al. 2001),
74-76 in Az (Kalverda et al. 1999), and 52-56 in PsAz (Thompson et al. 2000)),
in which no prolines are present, also show a high degree of mobility in the
same time scale. Indeed, this is the most mobile region for all these proteins
(with the exception of the N-terminal residues). This turn is a part of a long
loop connecting two strands in BCP. The first domain, encompassing residues
83-92, has essentially order parameter values (average $? in the region is 0.93)
similar to those of the -barrel regions even in the absence of defined sec-
ondary structure elements. Azurin, which has an a-helix in this region shows
high §2 values (Kalverda et al. 1999), although not as high as in Rc. In contrast,
the degree of order in PsAz, with no defined secondary structure in this
region, is lower than in Az and in Rc. Therefore, the high rigidity of Rc does
not arise from a large content in secondary structure, but has to arise from
tertiary interactions.

2.2.4 Mobility, Hydrophobicity, and High Redox Potential

Copper in Rc is bound to the side chain of four amino acids (Walter et al.
1996). Three of these copper ligands (Cys138, His143, and Met148) belongs to
the two B-strands at the C-terminal end of Rc or to the loop interconnecting
them. Our data shows that these two B-strands form one of the most rigid and
highly shielded from solvent interaction regions of Rc. This could have two
implications: (1) the larger protection of the backbone would provide an
additional stabilizing effect, thus protecting against protein denaturation. (2)
the dynamic, and thus, the structural properties of the copper ligands Cys138
and Met148 are driven by the interactions of these two B-strands, as we have
already proposed (Donaire et al. 2002). Therefore, the high rigidity and
hydrophobicity of these two antiparallel B-strands provides the metal center
with its unique features. Indeed, a highly hydrophobic environment of the
copper ion would increase the redox potential of the protein, as previously
appointed(Walter et al. 1996, Donaire et al. 2001). This would be in agreement
with the entatic or rack state mechanism for the copper ion (Malmstrém 1994,
Gray et al. 2000). It would also explain the facility of the interconversion cop-
perl/copperll. The other two ligands, histidines 85 and 143, also have a very
high §? value, indicating the high rigidity of the active center.
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2.3 Conclusions

Our present study reveals that Rc is very rigid and highly hydrophobic. Not
only secondary structural elements, but also tertiary interactions must be rel-
evant in keeping the rigidity of Rc. The first N-35 domain, unique of this BCP,
acts as an independent module of the whole protein and is partially responsi-
ble for the high degree of hidrophobicity of this protein. The hydrophobic
environment is also present in copper ion surroundings. All these features are
related (and, probably, are the crucial factors) in providing Rc its atypical
thermodynamic properties (high stability at low pH values, and high redox
potential).

This is another more example of how NMR can correlate structural-func-
tion relationships of a protein, via, in this case, its dynamic characterization.
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3 Structure and Dynamics of Proteins in Crowded
Media: A Time-Resolved Fluorescence Polarization
Study

SILVIA ZORRILLA, GERMAN Rivas and MAR1A PILAR LILLO

3.1 Macromolecular Crowding in Physiological Media

The interior of cells in all living organisms, without exception, has a common
feature: the high total concentration of macromolecules they contain, which
occupy a considerable fraction (20-30%) of the total volume. For example,
macromolecular concentration of the E. coli intracellular media is around
400 mg/ml (Record et al. 1998, Zimmerman and Trach 1991), the concentration
of hemoglobin in the cytoplasm of an erythrocyte is 330 mg/ml (Ralston 1990),
and the total concentration of soluble proteins in blood plasma is around
80 mg/ml (Ellis 2001). In general, there is no single species whose concentra-
tion is so high, but the overall macromolecular content of the system gives rise
to this high macromolecular concentration. For this reason physiological sys-
tems are referred to as crowded rather than concentrated (Minton 2001).

This characteristic of physiological environment is very often overlooked,
and in typical biochemical/biophysical in vitro experiments the total concen-
tration of macromolecules hardly ever surpasses 1 mg/ml (Ellis 2001, Minton
2001). There is consensus on the need to use experimental conditions that are
as close as possible to the physiological ones in terms of pH, temperature and
ionic strength, but in general, the crowded nature of biological fluids is not
regarded. On the other hand, it has been recognized for a long time that the
behavior of an individual protein in crowded media may be significantly dif-
ferent from the corresponding behavior in a diluted fluid. Moreover, crowding
has been predicted (and in many cases experimentally tested) to have major
influences on a broad range of biochemical reactions and processes physio-
logically relevant, including protein stability (chaperone-assisted) protein
folding and folding pathways, amyloid formation, and the energetic and
dynamics of protein interaction networks (protein-protein and protein-DNA
complexes, supramolecular assemblies and fibers, reviewed in Ellis 2001;
Minton 2001).
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3.1.1 Effect of Macromolecular Crowding on Chemical Equilibrium of
Macromolecular Association Reactions

The high total concentration of macromolecules, present in almost all physio-
logical media, can give rise to non-specific interactions among the species.
These interactions can have a great effect upon the energetic and kinetics of
macromolecular reactions taking place in such media. Non-specific interac-
tions are those derived from global properties of macromolecules like the
global charge and polarity, or the size and shape, more than from specific
details of their primary or secondary structure. In dilute solutions, the inter-
molecular separation is really large, and the hydrodynamic interactions
between macromolecules can be neglected. In highly concentrated solutions,
the steric repulsion between macromolecules, which is always present at finite
concentrations, is an important interaction to be examined (Minton 1997). As
two macromolecules cannot occupy the same position in the space, the pres-
ence of a high concentration of macromolecules in a solution places restric-
tions in the positions that new macromolecules added can occupy. So, the
position that a macromolecule can occupy in the solution is restricted to the
volume from which it is not excluded (available volume). This has consider-
able energetic consequences (see Minton 2001). Excluded volume increases
the chemical potential of all macrosolutes in the solution in a size and shape-
dependent manner (Ellis 2001, Minton 2001). Moreover, crowding affects
equilibria by preferentially stabilizing those states of the system excluding the
least volume, relative to those excluding the most volume. Therefore, crowd-
ing provides a non-specific force for macromolecular compaction and associ-
ation in crowded solutions.

3.1.2 Experimental Approaches to the Study of the Effect of
Macromolecular Crowding Upon Biochemical Reactions

The quantitative characterization of excluded volume effects is essential for
a better understanding of biochemical reactions and processes in physiolog-
ical media. However, the study of the structure and dynamics of macromol-
ecules in crowded media is a difficult experimental challenge. Most of the
difficulties are mainly derived from the presence of a high number of
species, with similar size to the target labeled macromolecule. Factors like
high UV absorbance’s values, refractive index changes, and the scattering
and fluorescent backgrounds, present in these media, have to be really taken
into account in the experimental design. On the other hand, the deviations
from the ideal behavior observed from these samples make it difficult to
gauge the correct interpretation of the experimental results. One important
point in the application of hydrodynamic techniques in crowded media will
be the characterization of the translational and rotational diffusion in these
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media, in terms of local viscosities, and sizes and shapes of the diffusing
macromolecules.

Sedimentation equilibrium is among the very few methods which has been
proven useful to study the behavior of proteins in crowded solutions. The the-
ory of sedimentation equilibrium has been extended and successfully applied
to characterize the state of association of dilute fibrinogen and tubulin (Rivas
et al. 1999), and the bacterial cell division FtsZ protein (Rivas et al. 2001) in
concentrated solutions of unrelated macromolecules. Recently, these methods
have been also applied to characterize the state of association of ribonuclease
A (RNase A) at concentrations up to 200 mg/ml (Zorrilla et al. 2003).

Fluorescence spectroscopy is a sensitive technique, widely used to quantify
and characterize macromolecules in diluted solutions. It works like a molecu-
lar clock. It allows a study of all of those events which occur in times compa-
rable to the fluorescence lifetime. Fluorescence anisotropy techniques provide
information on the size, shape and flexibility of the macromolecules in
diluted solutions, based on the depolarization induced by their rotational
Brownian motions. The extension of the anisotropy methodologies to the
characterization of both the rotation of the macromolecules as a whole and
their segmental flexibility in highly concentrated solutions is a starting field
(Zorrilla 2002). The use of extrinsic fluorophores overcomes most of the
background problems and, in principle, allows the characterization of labeled
proteins in the presence of other unrelated macromolecules. The only work to
which fluorescence spectroscopy was previously applied was a study of inter-
actions in a modeled crowded system by Wilf and Minton (1981). This is a
steady-state anisotropy study that compares apomyoglobin (apoMb) and
apohemoglobin (apoHb) hydrodynamic behavior in the presence of high
concentrations of other unrelated proteins. ApoMb is a monomer and apoHb
is a flexible dimer in diluted solutions (Sassaroli et al. 1986). The conclusion
from Wilf and Minton study (1981) was that low concentrated ApoMb self-
associates in crowded media, when the crowder species were proteins like
RNase A, lysozime, etc. In a previous sedimentation equilibrium study,
Minton and Lewis (1981) found that myoglobin also self-associates to a dimer
and very probably to higher oligomers as well, in highly concentrated solu-
tions of myoglobin (>150 mg/ml).

We have further extended the previous steady-state anisotropy study of
apoMb, introducing time-resolved polarization methodologies to character-
ize the structure and dynamics of apoMb homodimer in these media.

3.2 Application of Time-Resolved Fluorescence Polarization
Spectroscopy in Crowded Media

Fluorescence polarization spectroscopy has been widely used as a tool to
study the structure, rotational dynamics and interactions of biomolecules in
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diluted solutions (Jameson and Sawyer 1995, Lakowicz 1999, Brown and Royer
1997).If the exciting light is made to be plane-polarized, it will result in a pho-
toselection of those fluorophores attached to the protein, whose excitation
transition moment has a component parallel to the plane of polarization. The
emission anisotropy, measured as a function of the time, r(¢), will contain
information about all the depolarization processes that happen during the
fluorescence lifetime (electronic, energy transfer, motional effects, etc.).
Dynamic processes in proteins occur on a wide range of time scales. It is
important to note that only motions that change the orientation of the transi-
tion dipoles during the fluorescence time window will be detected in a fluo-
rescence anisotropy decay. The use of extrinsic fluorophores permits a selec-
tion of this time window. In general, () will be analyzed in terms of a series
of exponentials:

r(t)= Zﬁj -exp(-1/9;) (3.1)

where ¢; are the rotational correlation times.

A compact globular molecule in aqueous diluted solution, having a rigidly
attached chromophore, is usually expected to show monoexponential
anisotropy decay due to the overall global protein motion. The rotational cor-
relation time, @, is a function of the molecular hydrodynamic volume, V, the
temperature, T, and the solvent viscosity, i, (Stokes-Einstein-Debye relation-
ship):

P :(’IVH)/(kBT) (3.2)

In contrast to rigid particles, flexible particles will present a variety of con-
formations. In the simplest case, the anisotropy decays, r(t), will be adequately
described as a biexponential function:

r(t) = 7(0) [ﬁs-exp(—t/qhs ) + ﬁG'eXP(‘t/‘PG )] (3.3)

where B;and S represent the amplitudes of the segmental motion (¢,) and
the overall global protein motion (¢.).

The presence of highly concentrated unrelated proteins in the crowded
media explored in this work, introduces complexity in the interpretation of
the experimental anisotropy decays. The solvent is not homogeneous now and
cannot be considered as a continuum. Therefore, the Stokes-Einstein-Debye
hydrodynamic model cannot describe the diffusive behavior of proteins in
these media. The rotational diffusion of the labeled macromolecules will be
affected by collisions with the solvent molecules, and the unrelated molecules.
In this case, the determined rotational correlation times may be described by
a quasi-hydrodynamic relation: ¢=(n,Vy )/(k;T), where n represents the
“local rotational viscosity”. Relative values of this apparent viscosity to the
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buffer viscosity can be obtained from the ratio of the rotational correlation
times: ¢/¢,=np/n, where ¢ and ¢, are the rotational correlation times of the
protein in crowded media and buffer solution respectively, and 1), is the buffer
viscosity.

3.3 Volume Fraction and Intermolecular Separations in a
Heterogeneous System

One important point in the study of biomolecular interactions in crowded
media, using time-resolved anisotropy techniques, is to have an idea about the
intermolecular separations between the different solute species. In this work,
the crowded media was simulated by adding high concentrations of a non-
related protein (250 mg/ml RNase A) to the diluted protein, the object of the
self-association study (apoMb). Below, we propose an idealized simple micro-
scopic model of the system that gives an estimation of the order of the colli-
sion times between macromolecules in highly concentrated solutions. This
molecular view may help in the interpretation of the experimental rotational
correlation times determined in different crowded media, in terms of hydro-
dynamic protein volumes, and the rotational viscosity.

3.3.1 Characterization of the Crowded Medium Itself

Highly concentrated solutions of RNase A alone were characterized by sedi-
mentation equilibrium techniques (Zorrilla et al. 2003), and the conclusion
was that RNase A presents weak self-association in concentrated solutions.
The simplest models compatible with the experimental data assume RNase A
monomer in equilibrium with a trimer, a tetramer, or a dimer and tetramer
mixture. In the present study, for simplicity, we worked with the species dis-
tribution from the monomer-tetramer model, and we assumed spherical
shape for all the proteins. In Table 3.1, we present the concentration, the num-
ber of molecules, the calculated radius, and the estimated occupied volume
fraction for each protein, corresponding to a solution containing 1.7 mg/ml of
apoMb dimer (10-*M per monomeric subunit), and 250 mg/ml of RNase A.

3.3.2 Microscopic Model for Crowded Solutions

In order to be able to estimate intermolecular distances in highly concen-
trated RNase A solutions, we assumed that the microenvironment of individ-
ual apoMb, and RNase A proteins presented some microscopic order in the
time window of our time-resolved fluorescence anisotropy experiments. In
three-dimensions, one of the optimal dense sphere packing is the cannon ball
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Table 3.1. Characterization of the different species for a solution containing apoMb
dimer (1.7 mg/ml, 10-* M per monomeric subunit), and 250 mg/ml of RNase A

Vi M; 6 N S
(cm3/g)  (g/mol) (mg/cm?) (molecules/ (A)
10-15¢m?)
RNase momomer 0.7034 13,690 88 3870 17.6 0.092
RNase tetramer (0.703)c 54,760 162 1780 27.9 0.168
ApoMb dimer (0.743)¢ 34,000 1.7 30 24.1 0.002

2 Number of molecules in a solution cubic element volume of (100 nm)?

b Calculated hydrodynamic radius of the three proteins assuming spherical shape. The
corresponding hydrodynamic volume, V,; = M (¥;+h¥,)/N,, was estimated assum-
ing h=0.3 g H,0/g protein, for hydration water (Cantor, 1980). v; and ¥, are the partial
specific volume of protein i, and of hydration water, respectively. N, is Avogadro’s
number

¢ Fractional volume occupied by protein i, y,= ¢; (v;+ h¥,)1073, where c; is the protein
concentration

d Richards and Wyckhoff (1971); we assume the same value for RNase A tetramer

¢ Ehrenberg (1957) found the partial specific volume of apoMb to be identical to Mb. We
assumed the same value for ApoMb dimer

packing where the centers of identical spheres are arranged on the face cen-
tered cubic (fcc) lattice (Conway and Sloane 1999). This is the packing usually
found in fruit stands (note that in this packing the spheres will have a coordi-
nation number of 12 and they would occupy a fraction of the total volume,
Vonax=TTV2/6=0.7405, named as maximum packing density). We partitioned
the 3-D space (total volume, V;) in N; spherical compartments, with volume
V., where V .=(V¥,,..)/Ny. The calculated radius of these compartments (see
Table 1) for a solution containing 1.7 mg/ml of apoMb dimer (10-* M per
monomeric subunit), and 250 mg/ml of RNase A, is R =30.9 A. If we assume
that in one instant time ¢, each protein is enclosed in the center of each spher-
ical compartment, the “instant” edge-to-edge separation between different
adjacent molecules, d;, can be calculated as: d =(R-R)+(R-R), and d,,
=20 A,d,,=10 A (where the subscripts 2, I,and 4 refer to apoMb dlmer, RNase
A monomer, and RNase A tetramer, respectively). One of the biggest assump-
tions of this model is that the protein molecules are maximally and symmet-
rically distributed in solution, for protein concentrations near the maximal
value. The macromolecular self association detected in highly concentrated
RNase A solutions introduces size heterogeneity in the molecular distribution
of our system. In principle, this heterogeneity in size would cause less com-
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pact packing, and the estimated intermolecular distances with the previous
model would represent a lower limit for an average intermolecular distance in
these solutions. The proposed microscopic model is an extension of the model
by Endre and Kuchel (1986) for single species solutions. Our goal was to ide-
alize the molecular microenvironment of apoMb in highly concentrated solu-
tions of RNase A, proposing a certain short range order (at distances
~10-20 A), to interpret the experimental diffusive behavior of apoMb dimer
in complex solutions. A dimer of ApoMb in aqueous solution at 20 °C, with an
approximate diffusion coefficient, D, ~8.6x10-7s"cm? [calculated through the
Stokes-Einstein equation, assuming spherical shape, D,=(k,T)/(nnR,)] would
be able to diffuse 10-20 A (range of the estimated separations between
ApoMb and the nearest RNase A molecule, monomer or tetramer), in about
2-8 ns. These are the estimated collision times for particles that have an aver-
age separation, d;, from the Einstein relationship: t=(<d>%6D,), assuming
<d>~d2.

ij’

3.4 Structure and Dynamics of apoMb Dimer in Crowded
Protein Solutions

ApoMb is a protein which in diluted solution at pH 7 is a monomer, but in the
presence of high concentrations of proteins like RNase A, B-lactoglobulin or
lisozyme tends to self-associate to form dimers (Wilf and Minton 1981). The
structure of apoMb monomer very closely resembles that of the hemoglobin
subunits. Hemoglobin is a tetrameric protein, but the removal of the heme
group changes its association state, so apoHb is a dimer (Sassaroli et al. 1984).

Wilf and Minton (1981) did a comparative study of apoMb and apoHb in
crowded solutions. They showed that the steady state anisotropy of a solution
of ApoMb labeled with 1,8-anilinonaphthalenesulfonic acid (ANS) increases
with increased concentrations of unrelated proteins like RNase A. The steady
state anisotropy of apoMb-ANS gradually approaches the anisotropy of a
solution with the same concentration of apoHb-ANS. This happened only
when the crowder was modeled with concentrated solutions of some proteins.
At 250 mg/ml of RNase A, the steady-state anisotropy ApoMb-ANS coincides,
within the error, with the determined for apoHb-ANS, which seems to indi-
cate that at this concentration of RNase A all or almost all apoMb behaves
hydrodynamically like apoHb dimers.

In this work, we have tried to study the structure and dynamics of the
dimer of apoMb in the presence of high concentrations of a non-related pro-
tein, RNase A, by using time-resolved fluorescence anisotropy methodolo-
gies.
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3.4.1 Preparation of Apomyoglobin and Labeling with ANS

ApoMb was prepared from commercial Mb by removing the heme group
using a modification of the acid-acetone method (Rossi-Fanelli et al. 1958) as
described in Wilf and Minton (1981). The efficiency of removal of the heme
group was approximately 98 %, and the amount of the recovered apoMb was
approximately 60 % of the initial myoglobin.

ApoMb was non-covalently labeled with ANS, which probably binds with
apoMb in the hydrophobic heme pocket, previously occupied by the heme
group (Stryer 1965). The ratio of labeling was 0.8 mol of ANS per mol of
apoMb, calculated assuming a binding constant for ANS of 3.4x10-° M
(Stryer 1965). ApoMb samples (1.7 mg/ml) labeled with ANS, in phosphate
buffer solutions (20 mM sodium phosphate, 150 mM NaCl, 0.1 mM EDTA,
pH 7.4), were prepared in the presence, and in the absence of 250 mg/ml of
RNase A.

3.4.2 Spectroscopic Properties of ANS Remain Essentially Unchanged
Upon Dimer Formation

Before studying the rotational behavior of apoMb-ANS in crowded solutions,
it is necessary to carefully determine the spectroscopic parameters of the flu-
orophore ANS when it is bound to apoMb. Corrected emission spectra of
apoMb-ANS samples alone, and in the presence of 250 mg/ml of RNase A,
were collected in an SLM 8000D spectrofluorometer at an excitation wave-
length of 393 nm. ANS is a fluorophore whose fluorescence quantum yield
increases over 200 fold upon binding to apoMb, and free ANS in aqueous solu-
tion does not contribute significantly to fluorescence emission. Besides, the
fluorescence emission of a solution of 250 mg/ml of RNase A with or without
ANS, were approximately the same, which indicates that ANS does not bind
RNase A in the concentration range of this work. These two properties men-
tioned make ANS a suitable probe for the current study. The contribution of
fluorescence background was always subtracted from the spectra, and it was
less than 4 % of the total fluorescence intensity for a 250 mg/ml RNase A solu-
tion.

ApoMb-ANS in 250 mg/ml RNase A solutions showed a 20 % decrease in
the total fluorescence intensity in relation to the determined in buffer solu-
tions, maintaining essentially the same emission spectra shape. This intensity
decrease is probably due to the inner filter effect of highly concentrated RNase
A solutions with non-zero absorption at 393 nm.

Time-resolved fluorescence measurements were done by the time-corre-
lated single photon technique with the instrument described in Organero et
al. (2002). Fluorescence intensity decays were collected under magic angle
conditions at excitation and emission wavelengths of 393 and 465 nm, respec-
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Fig.3.1. ApoMb-ANS in 20 mM sodium phosphate buffer, 150 mM NaCl, 0.1 mM EDTA,
pH 7.4, at 20 °C; protein concentration 10 M per monomeric subunit (0.8 mol of
ANS/mol of apoMb monomer), in the absence and presence of 250 mg/ml RNase A. A
Fluorescence decay. B Anisotropy decay. The line fits are superposed to the data, and the
weighted residuals for the fits are presented below each decay. Fluorescence lifetimes and
anisotropy parameters from the fits are reported in Tables 3.2 and 3.3

tively. Figure 3.1A shows the fluorescence intensity decays of apoMb-ANS in
buffer, and in 250 mg/ml RNase A solutions. Both curves were biexponential,
the corresponding decay parameters are presented in Table 3.2.

This biexponential behavior has been observed before for ANS labeled pro-
teins (Robinson et al. 1978), and it could be related to the solvation of ANS in
the heme pocket (Sassaroli et al. 1984).

As can be seen in Table 3.2 the lifetime of 15 ns of apoMb-ANS does not
change in highly concentrated RNase A solutions. However, the shortest life-
time seems to increase with increasing concentrations of RNase A, while its
contribution to the decay decreases. The contribution of this short lifetime to
the total intensity is very low and the intensity-averaged, ,,, and the ampli-
tude-averaged, <7>, lifetimes were approximately the same within the error,
for apoMb-ANS in buffer, and in 250 mg/ml RNase A solutions. Since there is
not change in the photophysical properties of the fluorophore ANS bound to
apoMb, the protein microenvironment of ANS may be maintained in apoMb
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Table 3.2. Fluorescence intensity decay parameters of ApoMb-ANS buffer solutions and
ApoMb-ANS (1.7 mg/ml, 10-* M per monomeric subunit ) in 250 mg/ml RNase A solu-
tions (0.8 mol of ANS/mol of apoMb monomer). The measurements were performed at
20 °C in 20 mM phosphate, 150 mM NaCl, 0.1 mM EDTA, pH 7.4. A, =393 nm;
A,,,=465 nm

RNase A (mg/ml) ,4£0.02° 7,(ns)£0.3° a,£0.02¢ 71,(ns)+0.1¢ <r>*(ns) 7,°(ns)

0 0.16 3.4 0.84 15.2 13.3 14.7
250 0.15 55 0.85 15.2 13.7 14.6

» Amplitude average lifetime <>=>4; T,
b Intensity average lifetime 7,,=(2a,;12)/(2a;1)
¢ Confidence intervals corresponding to 1 SD

dimer. On the other hand, the predominant fluorescence lifetime of apoMb-
ANS of 15 ns establishes a good time window for conformational dynamic
studies of molecules in the range of apoMb dimer size.

3.4.3 Conformational Dynamics of the Dimer of Apomyoglobin

Steady-state anisotropy measurements, 7, of apoMb-ANS samples in phos-
phate-buffered solution at 20 °C, were performed in an SLM 8000D spectro-
fluorometer at two excitation wavelengths, 375 and 393 nm. The anisotropy
values (A,,, 375 nm; A, 465 nm) agree within the error with values reported
by Wilf and Minton (1981) for apoMb-ANS in RNase A solutions
0-250 mg/ml (Zorrilla 2002). The steady-state anisotropy increases from 0.14
to 0.22 (A, 393 nm; A,,, 465 nm), when apoMb solutions contain 250 mg/ml
of RNase A.

ApoMb-ANS in the absence of RNase A (A,,=393 nm, A,, =465 nm)
showed a monoexponential anisotropy decay (Fig. 3.1B), with a time cero
anisotropy, r(0)=0.35, close to the maximum expected for ANS chromophore
(Hudson and Weber 1973). The determined rotational correlation time,
$#;=9.0£0.2 ns at 20 °C (see Table 3.3), can be assigned to the global rota-
tional motion of a monomer of apoMb. This value works in accordance with
the determined from the tryptophan fluorescence anisotropy study of
apoMb (Tcherkasskaya et al. 2000), and a NMR study of myoglobin (Wang et
al. 1997). It is larger than the estimated value for a spherical monomer at
20 °C, with a molecular weight of 17,000, and a hydration of 0.3 g H,0/g pro-
tein (7.4 ns). This difference indicates a slight deviation from the spherical
shape of apoMb monomer (Tcherkasskaya et al. 2000). On the other hand,
the determination of a single rotational correlation time shows that there are
no local movements of ANS inside the heme pocket. This property is quite
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Table 3.3. Fluorescence anisotropy decay parameters of ApoMb-ANS (1.7 mg/ml, 10~ M
per monomeric subunit; 0.8 mol ANS/mol apoMb monomer) in buffer and in 250 mg/ml
RNase A solutions. The measurements were performed at 20 °C in 20 mM phosphate,
150 mM NaCl, 0.1 mM EDTA, pH 7.4. A, =393 nm; A,,, =465 nm

RNase A (mg/ml)  r(0)+0.01* S ¢, (ns) Be ¢ (ns)

0 0.35 - - 1 9.0 (8.8-9.2)2

250 0.34 0.4 (0.35- 12.4 (10.7- 0.6 (0.53- 54 (45-69)2
0.47)2 14.6)2 0.65)2

2 Confidence intervals corresponding to 1 SD

suitable for hydrodynamic anisotropy studies, because the presence of local
movements of the probe would decrease the resolution of the anisotropy
decays at longer times, from which the global rotational motion parameters
are determined.

Fluorescence anisotropy decays of apoMb-ANS in solutions where the
concentration of RNase A was 250 mg/ml (Fig. 3.1B) were fitted to a biexpo-
nential function, with two well-separated correlation times (see Table 3.3).
The fast one, ¢;=12.4 (10.7-14.6) ns, accounts for approximately 40 % of the
depolarization. The remaining anisotropy decays through the slow rotational
component, which is in the limit of our time window, ¢ =54 (45-69) ns. The
interpretation of these two rotational correlation times, determined in
highly concentrated RNase A solutions, in terms of rotational motions of
apoMb-ANS is not straightforward. As we showed before, in diluted solu-
tions the rotational correlation times are a function of the viscosity and the
size of the rotating unit. However, the microscopic viscosity that acts over
the rotational diffusion of a macromolecule like apoMb-ANS in this crowded
solution is not the actual macroviscosity (bulk viscosity) of the solution, and
in fact it can be very different (Gavish 1980, Lavalette et al. 1999, Endre and
Kuchel 1986). For this reason, a detailed time-resolved anisotropy study of
apoMb-ANS was performed, in the presence of various RNase A concentra-
tions, up to 250 mg/ml (Zorrilla 2002). Two rotational correlation times were
determined for all the apoMb-ANS/RNase A solutions, and their values were
represented as a function of RNase A concentration. The extrapolation of the
fast rotational correlation time to cero concentration of RNase A, returns a
value that agrees, within the error, with the global movement of a monomer
of apoMb. A similar extrapolation for the slow rotational correlation time,
returns a value of 22+2 ns that is in good agreement with the rotational cor-
relation time reported for the global motion of apoHb, 22.3%0.8 ns (Sassaroli
et al. 1986).

The simplest model that supports our time-resolved anisotropy results
would associate the slow rotational correlation time, ¢, to the global rotation



46 Silvia Zorrilla, German Rivas, and Maria Pilar Lillo

of a dimer of apoMb-ANS and the fast one, ¢, to the global rotation of a
monomer of apoMb, both species coexisting in the solution. From the
anisotropy fractional amplitudes, 3, the proportion of apoMb monomer in
250 mg/ml RNase A solutions would be 40 %. This simple model assumes that
ApoMb monomer and dimer behave as rigid particles in a solution.

The macroscopic viscosity of a 250 mg/ml RNase A solution, at 20 °C, mea-
sured with a capillary Ostwald microviscometer, was nearly 4.5 cP. The calcu-
lated global rotational correlation times for a monomer and a dimer of
apoMD, assuming spherical shape, in a glycerol solution with a viscosity of
4.5 cP, would be 33 ns and 66 ns respectively (note that in glycerol, the bulk
viscosity and the rotational viscosity would be the same). These are approxi-
mated values, since the separation from the spherical shape, especially for the
dimer molecules, would give rise to longer rotational times.

The assumption of monomer and dimer species of apoMb coexisting in
250 mg/ml RNase A solutions is not compatible with the previous results from
Wilf and Minton (1981). At this RNase A concentration, the hydrodynamic
behavior of apoMb-ANS is the same as the corresponding to apoHb-ANS, so
all or almost all apoMb-ANS should be forming dimers in the presence of
250 mg/ml of RNase A. The only reasonable explanation for this discrepancy
is that the dimer of apoMb-ANS is not a rigid specie, but presents internal
flexibility characterized by local motions of the two monomeric subunits of
apoMb-ANS. This hypothesis is supported by the fact that internal flexibility
that involves motions of the monomeric subunits has previously been found
for apoHDb (Sassaroli et al. 1986). According to this model, the motions of the
monomeric subunits of apoMb dimer will be less affected by the presence of
RNase A molecules at distances of about 10-20 A, than the global rotational
motion, and the estimated rotational viscosity ratio, ¢;/¢,%, will be 1.4 and 2.5
for the internal flexibility and the global motion respectively.

Time-resolved fluorescence anisotropy data are obtained from a large
number of excited apoMb-ANS molecules, therefore the fast rotational time,
¢, and the global rotation time, ¢, determined from this methodology, would
represent an average of the local and overall dynamic processes of apoMb that
happens during the fluorescence lifetime of ANS. Going back to the micro-
scopic model of this system proposed beforehand, the fluorescence lifetime of
ANS is in the same order as the estimated collision times between the differ-
ent species, so that would explain the observed behavior of the rotational vis-
cosity associated with the different motions.

3.5 Conclusions and Outlook

The studies presented in this article illustrate how time-resolved fluorescence
polarization techniques can be used to study the hydrodynamic behavior of
dilute labeled proteins in highly concentrated solutions of unrelated proteins
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resembling the physiological milieus. The extension of these studies to differ-
ent crowder systems, varying the relative sizes and concentrations of the
tracer and the crowder molecules, is one of the interests of our laboratory.
These studies will allow us to obtain general laws which relate diffusion para-
meters such as the rotational correlation times, with measurable magnitudes
like the macroscopic viscosity. These studies will help the identification and
characterization of interactions in crowded media. It will be important also to
optimize the design of new high throughput interaction assays in crowded
media, based on fluorescence anisotropy methodologies.
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4 Analyses of Wheat Seed Proteome: Exploring
Protein-Protein Interactions by Manipulating
Genome Composition

NazruL IstaM and Hisasui HIRANO

4.1 Summary

Current knowledge of protein-protein interactions in proteome is very lim-
ited due to the lack of high throughput and efficient experimental techniques
at the protein levels. In this chapter, we briefly discuss the techniques cur-
rently available to determine protein-protein interactions and then focus on a
novel technique developed by manipulating genome composition in common
wheat. Genome manipulation has been carried out either by deleting a chro-
mosomal arm, ditelocentric lines (DT), or a part of a chromosome, fine dele-
tion line. The network of protein-protein interactions in the manipulated
genome was then investigated by quantitative analysis of the expressed pro-
teins. Out of the 1755 major spots detected in 39 DT lines: 1372 (78 %) spots
were found variable in different spot parameters, 147 (11 %) disappeared, 978
(71%) up-regulated and 247 (18%) down-regulated. High correlations in
changes of protein intensities among the proteins were observed. Analysis of
proteome in a fine deletion line by isotope-coded affinity tag labeling (ICAT)
of peptides in tryptic digest followed by electrospray ionization quadrupole
time of flight mass spectrometry method also showed an imbalanced in pro-
tein expression. Taking an example of manipulated wheat genome, it has been
demonstrated that the expression of proteins in proteomes is not totally inde-
pendent; rather it is the product of interactions among all other proteins in
the proteome.

4,2 Introduction

The complete genomic sequencing of prokaryotes, such as bacteria, viruses,
and eukaryotes, such as human, rice, Arabidopsis and yeast, has provided an
unprecedented amount of genetic information, nucleotide sequences, genetic
maps, and DNA markers. The genetic information produced by genome
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analysis does not necessarily match quantitatively or qualitatively at the pro-
tein levels. Biological influences including the stability, half-life, post-tran-
scriptional, co-translational and degradative modifications of proteins along
with the environmental stimulatory factors affect the gene-products (Cord-
well et al. 2001). This has led to a conclusion that there is no strict linear rela-
tionship between genes and protein expression of a cell (Pandy and Mann
2000). Therefore, to make the best use of genome information and to gain a
comprehensive understanding of complex biological processes, a global
analysis of the gene products, a study of the proteome, is essential.

The proteome analysis, in general, is performed by (1) separation of pro-
teins in two-dimensional electrophoresis (2-DE), (2) determination of pep-
tide mass fingerprints/amino acid sequences by mass spectrometry (MS), (3)
identification of protein/protein homologues using databases and (4) charac-
terization of proteins without known function by amount, localization, struc-
ture, post-translational modification, enzyme activity, etc. ( Gygi et al. 2000;
Woo et al. 2002; Fukuda et al. 2003). Recent developments in MS techniques
such as matrix-assisted laser desorption/ionization time of flight (MALDI
TOF) and electrospray mass spectrometry (ESI-MS) have provided a unique
opportunity to look at the protein complement of whole genome within a very
short time. MALDI TOF analysis of proteins, although considered fast and
specific, does however present a high mass resolution, which is still poor com-
pared with the ESI-MS. The direct analysis of the total digest of a complex
protein mixture by nanoscale capillary high performance liquid chromatog-
raphy (LC)-ESI-MS has recently become a cutting edge tool for rapid and
accurate protein identification. The accuracy of protein determination partic-
ularly for complex proteins by LC-ESI-MS has further increased with the
recent development and use of isotope based techniques (Smolka et al. 2002;
Gygi et al. 1999).

Although the tremendous development of proteomic techniques in the last
few years has provided a unique platform of large scale protein identification,
a key question about proteins is yet to be resolved, how proteins interact with
other proteins to perform particular cellular tasks. In this chapter, we provide
an overview of recent approaches used to determine the protein-protein
interaction, and demonstrate a novel technique used to explore the network
of protein-protein interactions by using manipulated genomes of common
wheat.

4.3 Techniques of Protein-Protein Interactions

Most cellular processes are regulated by multiprotein complexes, where the
interactions among proteins play a vital role in determining all the biological
events in organisms. Several approaches have so far been made to understand
these processes. One of the generic ways of identifying the interaction part-
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ners of a new protein is to tag it with an epitope. In this technique, the clues to
the function of the unknown protein are determined by investigating its reac-
tion with proteins of known functions. The entire protein complex is then
purified by affinity based methods (Eisenberg et al. 2000).

The yeast two-hybrid system is one of the most popular techniques which
has been adapted to identify and characterize protein-protein interactions. In
this system, the eukaryotic transcriptional factors are divided into (1) an acti-
vation domain (AD) and (2) a DNA-binding domain (DBD). The activity of
these factors is restored by reconstitution. One of the proteins of interest is
expressed as a hybrid with AD and the other is expressed as a hybrid with
DBD. An interaction between two proteins is measured by a reporter plasmid
fused with DBD. Normally, this two-hybrid experiment is performed in yeast,
although there are some recent reports of using mammalian cells instead of
yeast.

In addition, some other techniques, such as tandem affinity purification
(TAP), surface plasmon resonance (eg BIA/MAS), immunoprecipitation and
the G protein based screening system, are also available to study protein-pro-
tein interactions ( Auerbach et al. 2002; Gavin et al. 2002). Recently, Gavin et al.
(2002) have studied the large-scale functional organization of yeast protein
complex by using TAP. In this technique, the target protein is attached with
calmodulin-binding peptides containing TEV mediated proteins. The protein
is then allowed to interact with associated proteins. Successive purification is
then carried out using two affinity-based columns (IgG beads and calmodulin
beads), and the eluted proteins are separated in SDS PAGE and characterized
by MS.

4.4 Chromosome Manipulation: An Alternative Approach
4.4.1 Principle

Bread wheat is a hexaploid species with three diploid genomes denoted by A,
B and D and is composed of seven pairs of chromosomes in each genome.
Because of genetic triplication in wheat, whole or partial deletions of chro-
mosomes tend not to be as lethal as in diploids. Taking this as one of the
advantages of common wheat, geneticists have manipulated the genome com-
position, either by deleting the whole or a part of the chromosome or by
introducing a whole chromosome from an alien species. Endo and Gill (1996)
produced 436 deletion stock in wheat; one of the important stocks is the dite-
locentric lines (DT) which carry all the normal chromosome complements of
wheat chromosomes except for one chromosome for which one arm is miss-
ing. Recently, using gametocidal genes (Gc) of alien wheat species, Tsujimoto
et al. (2001) have reported the construction of a fine deletion map of wheat
chromosome 1B. The Gg, also known as selfish genes, are introduced into the
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common wheat through backcrossing of hybrids with related alien species,
Aegilops (Endo 1990). The Gc genes, once introduced into the host cell, can
cause chromosomal breakage, which can be visualized by C-banding (Tsuji-
moto et al. 1989; Ogihara et al. 1994; Endo and Gill 1996). This uniqueness of
common wheat has enabled cereal scientists to study the mechanisms involv-
ing in controlling protein expression or suppression in the manipulated
genomes. The deletion of chromosomes or a part of a chromosome gene(s)
removed from the genome might cause a serious imbalance in the network of
protein expressions in the proteome. We believe an attempt to explore the
imbalance of protein expression in the manipulated genome would provide a
better understanding of the network of interacting proteins. Using proteomic
techniques, we investigate the quantitative changes in protein spots of wheat-
endosperm proteome in euploid (hexaploid) and 39 DT lines by analyzing 42
gels in computer assisted image analyzer. A correlation analysis of changes in
protein intensities of 24 protein spots across the DT lines was performed. The
network of protein interaction has also been studied in fine deletion line by
using isotope coded affinity tagging followed ESI-MS/MS technique.

4.4.2 Experimentation

4.4.2.1 Plant Materials

Common wheat (Triticum aestivum L.) cv. Chinese Spring and all possible
ditelocentric ( DT) lines except DT-5DS, DT-5DS and DT-7DL were used in
this study. These DT lines were originally produced by Sears (1954), and have
been maintained in the gene bank of the Kihara Institute for Biological
Research. The codes designated in DT lines are the chromosomal arm present
in the lines, and thus, DT-1BS, for example, indicates the plant is lacking the
whole long arm of chromosome 1B. Of these 39 lines used, 4 were maintained
as ditelocentric for the arm designated and in addition monotelocentric for
the opposite arm; these are DT-2AL, DT4BL, 5AS, and 5BS, which were self-
pollinated progeny of the ditelo-monotelosomic lines. These seeds were har-
vested in four different years (1992, 1997, 1996, and 1999) and kept in a desic-
cator at -20 °C.

The fine deletion line of chromosome1B used in this experiment was pro-
duced in the experimental field of the Kihara Institute for Biological
Research. A momosomic alien chromosome additional line of common wheat
(T. aestivum L.) cv. Chinese Spring carrying chromosome 2C of Aegilops cylin-
drica was used to produce fine deletion lines (Tsujimoto et al. 2001). The alien
gene causing chromosomal breakage during gametogenesis is known as
gametocidal gene (Gc). As the deletion of chromosomes is physical, the
genome composition between the euploid (full set of chromosomes) and
deletion lines is totally identical except in the site of cytologically observed
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Euploid DT-S DT-L Fine deletion

Fig.4.1. Parameters used to manipulate genome composition in common wheat. Ditelo-
centric (DT) lines carry all the normal chromosome complements of hexaploid wheat
(euploid) except for one chromosome for which one arm. In fine deletion a part of the
chromosome is missing. S denotes short and L long arms

chromosome aberration. Parameters used to manipulate genome composi-
tion is shown in Fig. 4.1.

4.4.2.2 Two-Dimensional Electrophoresis

Endosperm was dissected from mature grains by a sharp blade; ground and
sieved to obtain flour. A portion of the flour (10 mg), was digested for 1 hr
with lysis buffer (30 ul per mg of flour) containing 8 M urea, 2% (v/v) of
Nodiet P-40 (NP-40), 0.8 % (v/v) ampholine of pH 3.5 t010, 5% (v/v) 2-mer-
captoethanol and 5% (w/v) polyvinylpyrrolidone-40 (O Farrell 1975). After
digestion, the samples were centrifuged at 15,000xg for 10 min. and the super-
natant was applied to an isoelectric focusing (IEF) (pH 4-10) rod gel. Sample-
solutions (40 pl) were applied to the acidic side of the IEF gels for the first
dimension, and anodic and cathodic electrode solutions were filled in the
upper and lower electrode chambers, respectively (Ito et al. 2000). Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in the second
dimension was performed with 17 % separation and 5 % stacking gels. Protein
spots in 2-DE gels were visualized by Coomassie Brilliant Blue (CBB) R250
staining (Hirano and Watanabe 1990).



54 Nazrul Islam and Hisashi Hirano
4.4.2.3 Quantitative Analysis of Electrophoresis Patterns

Following staining, the 2-DE gel patterns were scanned using a flatbed scan-
ner, and analyzed using PDQuest software version 6.2 (Bio-Rad discovery
series, Bio-Rad Laboratories, USA). After scanning, spots in 39 gels were
detected using the same parameters and quantified by two-dimensional
Gaussian modelling. Taking a full complement of genes in Chinese Spring as
standard, we made a match set to compare protein-spots of 39 gels of DT lines.
Thirty landmarks were used to align and position all the members of the
match set. Gels were then normalised and data were exported to Excel
(Microsoft). A specific spot present in all the gels was selected as the internal
standard and the intensity of all other spots was expressed as the ratio of the
internal standard. Each deletion line was run at least twice and conclusions
for the gene location of protein spots were drawn from three gels of the dele-
tion lines.

4.4.2.4 Statistical Analysis

To determine the patterns of protein expression, especially up and down reg-
ulation, a correlation analysis was performed on 24 major spots of 39 DT
lines. An interactome map was then made using the correlation coefficient.

4.4.2.5 Sample Preparation for ICAT-ESI

Proteins from wheat endosperm were extracted by Tris-HCI buffer (10 mM,
pH 7.5) containing 0.1 % SDS. Flour (7 mg) from each of the euploid and fine
deletion line was centrifuged at 15,000xg for 10 min. To remove the non-pro-
tein contamination from the crude extract, proteins were subjected to ace-
tone precipitation with 80 9% acetone cooled down to -30 °C for more than 2
h. The pellet collected after centrifugation at 15,000xg for 10 min was
digested with 150 ul of ICAT denaturing buffer, Tris-HCI (50 mM, pH 8.5)
containing 0.1 % SDS. After centrifugation at 15,000xg for 10 min, 100 ul of
the supernatant was treated with 2 pl of reducing agent (50 mM TCEP). The
samples were then boiled for 10 min, followed by a cooling period at room
temperature. After centrifugation at 15,000xg for 10 min, 90 pl of each of the
euploid and chromosome 1B deletion lines (K64) were transferred to the vial
of ICAT-labeling reagents, light (D0) and heavy (D8), respectively, containing
sulfhydryl-modifying biotinylation reagent and then allowed to incubate for
1 h at room temperature. After centrifugation at 15,000xg for 10 min, 80 pl
from each of the euploid and chromosomelB deletion line were combined,
mixed thoroughly and treated with trypsin (ICAT Kit Applied Biosystem,
USA) and incubated at 37 °C for 16 h. The resultant peptides were then
cleaned by cation exchange column and purified by avidin affinity column
(for details, see ICAT kit instructions). This analytical procedure was
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repeated twice, and the variation of peak height between the analyses was
less than 15 %.

4.4.2.6 Protein Analysis by ESI-MS/MS

The purified peptide fragments were injected into a capillary liquid chro-
matography (Waters) equipped with a pre-column, LC packing Pep map
(320 pm i.d.x1 mm), and an analytical column, LC Packing Pepmap (75 pm
i.d.x150 mm). After desalting, the peptides were eluted by gradient flow of
acetonitrile and water containing 0.1 % formic acid and then injected into Q-
TOF MS (Q-Tof Ultima, Micromass, UK) through nano LC probe (ESI) under
the following analytical conditions: cycle time (s),2.10; scan duration (s), 2.00;
retention window, 0.00 to 70.00; ionization mode, ES+; mass range, 400 to
1800. Five parent masses were selected for MS/MS analyses with collision
energy of 20-30 eV. Data acquisition was performed through MassLynx, and
peptide sequence analyses were done by Biolynx (Micromass, UK). The
sequence information was submitted to Swiss-Prot and EMBL protein and
peptide databases for identification.

4.4.3 Results and Discussion

4.4.3.1 Localization of Structural Genes

The mature wheat grains contain several types of proteins including the stor-
age proteins, gluten, and non-storage proteins which include enzymes like
alpha amylase inhibitors and structural proteins such as those in membranes.
The gluten can be classified into gliadin, a monomeric protein with intramol-
ecular disulfide bonds, and glutenin, a polymeric protein with intra and inter-
molecular disulfide bonds. Based on lactate-PAGE (Acid PAGE), gliadin pro-
teins are classified into alpha, beta, gamma and omega gliadins The glutenin
proteins are again classified into two groups based on their mobility in elec-
tric filed, HMW and low molecular weight (LMW) glutenins. Upon reduction,
the glutenin dissociates into several subunits, denoted as subunit 1, subunit 2
and so on. Payne et al. (1985) first attempted to divide the wheat endosperm
proteome, the total proteins expressed by genome, into several areas based on
different types of protein expressed. Recently, Skylas et al.(2001) have divided
the wheat endosperm proteome into three regions; glutenin protein regions 1,
glutenin protein region 2 and non-glutenin protein region 3. To ease the inter-
pretation of protein-protein interactions, we divided the 2-DE map into four
regions; HMW glutenin region, omega gliadin regions, LMW glutenin and
alpha, beta and gamma region and non-storage protein region (Fig. 4.2)

To estimate variations in spot parameters quantitatively and to identify their
gene locations, image analysis of protein-spots was performed by PDQuest
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Fig.4.2. Endosperm proteome of wheat var. Chinese Spring (CS). Boxes indicate region
of different classes of proteins with their subunits. Endosperm proteins were extracted
by urea-based lysis buffer and applied in IEF rod gel (pH 3-11) and run in large size SDS
PAGE (17 %). Proteins were detected by CBB staining and gels were scanned by a flatbed
scanner

(The discovery series, Version 6.2, Bio-Rad) (Fig. 4.3). A total of 105 spots were
detected in a CBB staining gel, of which 26 were found to be directly related to
the ten missing chromosomal arms (Fig. 4.4). When a spot disappears due to
the lack of only one chromosomal arm, it is assumed that the structural gene
controlling the protein is located in that arm (Thiellement et al. 1999; Payne et
al 1980, 1982, 1985). The same principle is also applied to localize enzyme loci
[20]. Although the studies of Payne et al. (1985) have revealed the locations of
most of the storage proteins resolved in 2-DE, in our studies, the assignment for
a few major spots was not possible, probably because of interactions among
regulators controlling the same protein. Studying the chromosomal location of
structural genes and regulators in wheat, Colas des Francs and Thiellement
(1985) were able to assign gene locations for only 26 out of 477 spots resolved in
2-DE. The allohexaploid nature of wheat where most polypeptides exist in two
or three doses and the various locations of the regulator controlling the same
polypeptide were claimed to be a major problem for localization of structural
genes controlling the proteins.



Chap.4 Analyses of Wheat Seed Proteome 57

Fig.4.3. A match set used to compare protein spots between the euploid and 39 DT lines.
Following staining and scanning, the 2-DE gel patterns were analyzed using PDQuest
software version 6.2 (Bio-Rad discovery series, Bio-Rad Laboratories, USA). Spots in 39
gels were detected using the same parameters and quantified by two-dimensional
Gaussian modeling

Fig.4.4. Chromosomallocations of structural genes encoding protein in common wheat
shown on a synthetic image created in PDQuest. L Long arm and S short arm of A,Band
D genomes and their chromosomes
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4.4.3.2 Exploring Protein-Protein Interactions

In ditelocentric lines using computer-assisted image analyser:

The quantitative image analysis of protein-spots revealed that, out of the 1755
major spots detected in 39 DT lines, 1372(78 %) spots were found variable in
different spot parameters, 147 (11%) disappeared, 978 (71 %) up-regulated
and 247 (18 %) down-regulated. To understand the network of protein expres-
sion in wheat proteome, especially up and down regulation, correlation analy-
ses were performed among 24 major spots of 39 DT lines. Results revealed
that significant correlations in the protein intensity of 24 major spots across
the 39 DT lines was observed (Table 4.1). For example, the regulation of spot
1803 was highly correlated with 3801 (0.94) followed by 2902 (0.87), 6707
(0.85), 4201 (0.85). Similarly a significant correlation of spot 1501 was
observed with 1102 (0.88) followed by 6707 (0.81), 9608 (0.78) and 3201 (0.71).
Based on the results of correlation, an interactome map was drawn (Fig. 4.5).
It can be seen in the figure that there is a strong network of interactions of
glutenin subunits 7 and 8 with all other proteins indicating that these two sub-
units might play a vital role in the formation of gluten backbone. The gluten
polymers, sized into the millions of Daltons, are among the largest molecules
in nature (Wrigley 1996). Understanding how the mechanism of glutenin for-

Fig.4.5. The complex network of gluten protein. Links were made based on a correlation
coefficient of more than 0.74
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mation works and what components and interactions are involved has been
the object of increasing research. A series of models were proposed (Wrigley
1996; Islam et al. 1999). Research from our experiment clearly demonstrated
that the subunits 7 and 8 provide an important role in the framework of the
gluten polymer.

In fine deletion lines using ICAT ESI MS/MS:

ICAT facilitates quantitative identification of proteins, particularly those hav-
ing very similar Mr and pI which prevent them from separating by the con-
ventional 2-DE. ICAT coupled with ESI-MS/MS provides a unique opportu-
nity to quantify proteins even from nano to femtomole level. In this
technique, ICAT reagents are added to two different samples, one with light
ICAT reagent (D0) and another with heavy ICAT reagent (D8). The samples
are then derivatised, combined, and then digested with trypsin. Excess
reagent and trypsin are removed using cation exchange chromatography.
Biotinylated, cysteine-containing tryptic fragments are captured on an avidin
affinity column, and labeled peptides are separated from non-labeled mater-
ial. After elution from the elution column, labeled peptides are further sepa-
rated using capillary reversed phase HPLC, then analyzed by mass spectrom-
etry. Relative quantitation between the control and test samples is determined
from the mass ratio of D8-labeled peptide to D0-labeled peptides (ICAT Kit,
Applied Biosystems, USA).

In our study, we treated the euploid sample with DO and 1B deletion sample
with D8, and achieved a clear separation of peptides between these two sam-
ples by using ESI-MS (Fig. 4.6), suggesting that peptides with a very similar pI
and Mr can easily be separated by using ICAT-ESI MS technique. In wheat,
separation of proteins is reported to be difficult due to the interactions among
three genomes, A, B and D (Islam et al. 2002; Holt et al. 1981). It has also been
reported that about 70 to 80 % of protein-spots in the wheat proteome exist in
two or three doses. Poor separation of protein spots and interpretation diffi-
culties for gene-locations of the protein spots due to the allohexaploid nature
of the wheat genome were also reported by Zivy et al. (1984). Similar to Zivy
et al.(1984), we could not identify the gene location of 70 % protein spots sep-
arated in 2-DE (Islam et al. 2002). Studying the chromosomal location of
structural genes and regulators in wheat, Colas des Francs and Thiellement
(1985) also found that the expression of most proteins in wheat are controlled
by more than one regulator. However, results from our present study have
revealed that these complexities of protein identification in wheat can be
avoided, and more sensitive and accurate separation can be achieved by using
ICAT-ESI-MS/MS.

The relative abundance of proteins was quantified by taking peak height
ratio of monoisotopic peak of the light ICAT-labeled peptide to that of the
heavy-ICAT-labeled peptide. We repeated the same procedure twice and
found less than a 10-15 % variation of peak height between the replicates. As
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. +++ #48.9m/z/+++
409.55m/z/ % ! /Peptide labeled with light reagent

| Peptide labeled with heavy reagent

Fig.4.6. Peak intensity of peptide labeled with light and heavy ICAT reagent. After sep-
arately labeling with light and heavy ICAT reagent, the two samples were combined,
cleaned and purified by cation exchange and avidin column. The purified peptides were
injected into a capillary liquid chromatography(Waters) equipped with a pre-column,
LC packing Pep map (320 um i.d x 1 mm), and an analytical column, LC Packing
Pepmap (75 pm i.d. X 150 mm). After desalting, the peptides were eluted by a gradient
flow of acetonitrile and water containing 0.1 % formic acid and then injected into Q-TOF
MS (Q-Tof Ultima, Micromass, UK) through nano-LC probe (ESI)

shown in Fig. 4.6 and Table 4.2, the deletion of chromosomal segment resulted
appreciable variations in relative intensity of peptide fragments. For example,
compared to the euploid, a 35 % decrease in peptide intensity of mass 728.30
was observed in fine deletion lines. Similarly, a 279 % increase observed for
mass fragment of 774.40 compared to the euploid, which confirmed our pre-
vious finding, that there is a network of protein that ultimately determines the
intensity of protein expression in wheat proteome (Islam et al 2002). Of the 14
peptides identified by mass fragments analysis of the euploid, three down-
regulated, ten up-regulated and one did not show appreciable changes due to
the deletion of chromosome segment (Table 4.2). The substantial variations of
peptides intensities due to the deletion of chromosomal segment or arm,
hence genes, indicate that the magnitude of protein expression in a proteome
depends on the context of its interactions with other proteins under a set of
conditions. Although this phenomenon contradicts the traditional concept of
protein function where a protein function is defined as its action in the pres-
ence of a substrate and a catalyst, it is quite supportive to the post-genomic
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Table 2. Mass fragment analyzed by ESI MS/MS for sequence information, and proteins
were identified by SWISS PROT database

Mass fragment Charge Peak height  Percent  Sequence Protein

DO D8 (z) height over DO identified
DO D8

503.76 511.81 +1 16.1 8.3 52

510.25 514.27 +2 4.2 16.2 386

568.24 576.29 +1 15.1 16.2 107 GNRDG

576.26 584.31 +1 9.5 16.3 172

600.31 604.33 +2 3.5 16.1 460

632.32 63634 +2 16.1 6.0 37

664.04 669.40 +3 8.1 16.2 200

705.86 713.90 +1 8.3 16.2 195

72830 740.38 +2 15.9 5.5 35 YTDKPA Proteasome a7 sub-
unit (rice)

73136 739.41 +1 6.4 16.0 250

77440 77845 +2 58 162 279 AASITAV  a-Amylase inhibitor
(wheat)

789.38 801.46 +2 1.2 159 142 GGLTMA «-Amylase inhibitor
(wheat)

800.09 80545 +3 6.5 14.8 228

978.50 982.53 +2 5.9 16.2 275 AKVSGI 1,4-a-D-Glucan
mathohydrolase
(barley)

view of protein expression, where a protein function is defined by its interac-
tion with all other functionally interacting proteins (Pandy and Mann 2000).
The imbalance of the whole network of protein expression as revealed from
our studies (Islam et al. 2002, 2003a, b) by up- and down-regulation due to the
chromosomal deletion could also be a result of some of the functional link-
ages in the metabolic or signaling pathways responsible for the protein
expression. For example, if there are three proteins, namely A, B and C where
the expression of B depends on A and that C on B. Then if B was removed from
the system, A would be up-regulated and C would be down-regulated.

In the present study, we used deletion lines produced by the Gc gene, and
the chromosomal deletion included many genes, hence the gene products
(protein). Therefore the differential expression of proteins in our study can-
not absolutely be claimed as protein-protein interaction as many genes and
hence gene products were deleted, but it is the first step in understanding
interacting proteins in wheat proteome. We are now producing lines with a
micro-level deletion of chromosomes, which could result in mutants with a
single gene deletion (Tsujimoto et al 2001). These lines may be useful in future
to determine the interaction of one protein with all other proteins in the pro-
teome. Unlike the other techniques of interactive proteomics, such as yeast
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two- hybrid and other affinity-based techniques where two to three proteins
are taken at a time to study their interaction, the genome manipulation tech-
nique accounts for the influence of all proteins in the proteome. Another
major concern of the yeast two-hybrid (Y2H) system is the false-positive and
false-negative signals, which may lead to ambiguous results of protein-protein
interaction. Recently Ito et al. (2002) performed a comprehensive study on the
Y2H system and reported that 90 % of the known interactions came from a
false negative. The reasons for false signaling are not known yet. As Y2H pro-
duces binary interaction, it is difficult to deduce meaningful comparative
information for the Y2H based technique. Moreover, detection of interaction
in theY2H system does not consider post-translational modification or the
folding/structure of the protein complex. These problems are reported to be
associated with affinity-based interactome and other techniques. On the
other hand, in the genome manipulation technique, there is less chance of
false signaling as the study is performed in vitro

Eight well-separated peptide fragments were selected for MS/MS analysis.
Clear peptide mass fingerprints of the amino acid sequence were found when
peptide fragments were analyzed by MS. Sequence information of five peptide
fragments was submitted to Swiss-Prot database for protein identification
(Table 4.2). Of the five proteins submitted, four were identified as alpha-amy-
lase inhibitor, alpha-amylase/subtilisin inhibitor precursor, proteasome sub-
unit alpha type 7 and 1,4 alpha-glucan-D-mathohydrolase. Most of the pro-
teins identified by ICAT ESI MS/MS technique were non-storage proteins with
molecular weight less than 30 kDa, except for 1,4 alpha-glucan-D-mathohy-
drolase, suggesting that the proteins extracted by 0.1 % SDS are of a low mol-
ecular weight. Results from our experiment revealed that the ICAT based tech-
nique is highly sensitive, as in this approach minor changes between two
peptides such as one or two amino acids which can not cause big variation in
pI and thus remain undetectable by 2-DE, are amplified by heavy ICAT
reagent (deuterium) and can easily be detected by mass spectrometry.

A quick analysis of all seed proteins is likely to be revealed in the future,
especially by combining ESI-MS/MS and software with automatic protein
identification through direct access to different databases information, which
will lead to a dramatic increase in the knowledge of complex protein network
in wheat. Although as an initial step to investigate the feasibility of quick pro-
tein identification in the crude extract of wheat endosperm using ICAT-ESI
MS/MS has been achieved in our study, several challenges are also apparent.
For example, it was often difficult to identify C terminal fragments due to sig-
nals resulted from the fragmentation of ICAT reagents. In addition, in this
procedure, the cleaning and purification of samples from salts and detergent
by columns limits the use of urea-based solvent considered to be ideal for
wheat protein extraction. In our research, we have attempted to improve the
protein extraction by lysis buffer we used for 2-DE followed by acetone pre-
cipitation and digestion in ICAT denaturing buffer. Unfortunately, a major
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portion of the proteins remained insoluble in the ICAT-denaturing buffer
which has limited us in making a useful correlation between the quantitative
ICAT and 2-DE data. Therefore, sample extraction procedure of ICAT has to
be improved to make a valid comparison between these two methods.

4.5 Concluding Remarks

The genome manipulation approach was found efficient in determining pro-
tein-protein interactions in proteome. Taking an example of wheat genome,
we have demonstrated clearly that the interactome information obtained
from the genome manipulation technique is more reliable compared to the
Y2H system and other affinity based techniques. We believe that a compre-
hensive map of wheat proteins interactome is possible by the genome manip-
ulation technique when sufficient information on wheat proteins is available
in the wheat protein databases.
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5 Modification-Specific Proteomic Strategy for
Identification of Glycosyl-Phosphatidylinositol
Anchored Membrane Proteins

FELIX ELORTZA, LEONARD J. FOSTER, ALLAN STENSBALLE
and OLE N. JENSEN

5.1 Summary

Post-translational modification of proteins is crucial for dynamic regulation
and control of cellular processes. In eukaryotic cells, a subset of post-transla-
tionally modified membrane proteins is attached to the external leaflet of the
plasma membrane by a glycosyl-phosphatidylinositol (GPI) anchor. There is
substantial evidence suggesting that GPI-anchored proteins are clustered in
sphingolipid-sterol microdomains or rafts. Lipid rafts are involved in numer-
ous cellular functions including membrane trafficking and cell signalling.
Due to the important role of membrane proteins in health and disease there is
a need for a better understanding of membrane microdomains and the pro-
teins they contain, including GPI-anchored proteins. GPI-anchored proteins
contain special amino acid sequence features and they can be classified by
genome wide sequence analysis by bioinformatics methods. However, direct
experimental evidence is required in order to validate such sequence-based
predictions and for improving the bioinformatic data-mining procedures. In
the present study we have combined a detergent (Triton X-114) based phase
separation method with enzyme treatment by phospatidylinositol-phospho-
lipase C (PI-PLC) to selectively isolate GPI anchored proteins from purified
lipid rafts from HeLa cells. This approach resulted in the recovery and identi-
fication by mass spectrometry of six known human GPI-anchored proteins.
This modification-specific proteomic strategy is general and applicable to the
systematic study of GPI-anchored membrane proteins in a variety of eukary-
otic cell type.
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5.2 Introduction

Membrane proteins constitute an important class of biomolecules in living
cells as they are at the interface to the surrounding environment. They are
highly interesting for biomedical and pharmaceutical purposes, as they act as
targets for most of the pharmaceuticals in use nowadays (Hopkins and
Groom, 2002). The systematic study of membrane proteins may reveal new
potential drug targets and novel molecular mechanisms for signal transduc-
tion. It has been estimated that 20-30 % of the human genome encodes mem-
brane proteins. However, due to the inherent hydrophobic nature of most
membrane proteins, it is difficult to analyse them using the analytical tech-
niques that are typically applied to study soluble proteins. In scientific litera-
ture, studies of membrane proteins are significantly underrepresented in
comparison to reports on soluble cytoplasmic or nuclear proteins. However, a
number of novel proteomic approaches are directed towards the systematic
study of membrane proteins (Wu and Yates, 2003).

5.2.1 Glycosyl-Phosphatidylinositol Anchored Proteins

A majority of membrane proteins are post-translationally modified, and a
subset of them are modified by a covalent attachment of a glycosyl-phos-
phatidylinositol (GPI) moiety at the C terminus of the protein (Ferguson et
al., 1988; Fig. 5.1). This hydrophobic group anchors the protein in the lipid
bilayer, conferring on the GPI-AP many of the physichochemical properties of
intrinsic plasma membrane proteins thereby allowing them to act as surface
coat proteins, receptors, adhesion molecules, ectoenzymes and differentiation
antigens (Angst et al.,, 2001; Ferguson, 1999; Hooper, 1997). Additional func-
tions have been proposed for GPI anchored proteins, e.g. their involvement in
intracellular sorting and in transmembrane signalling (Horejsi et al., 1999;
Muniz and Riezman, 2000).

In contrast to integral membrane proteins, membrane-associated GPI-
anchored proteins can become water-soluble by cleavage of the GPI anchor by
various phosphatidyl-inositol specific phospholipases. As a result of this
cleavage, the protein moiety is released to the extracellular environment.
Thus, the GPI-anchor confers on the cell the ability to modulate the activity of
the GPI-anchored protein in the surrounding intercellular space. The remain-
ing lipidic part of the GPI-anchor possibly acts as a secondary messenger
(Nishizuka, 1995).

All known GPI-anchored proteins share a number of common features
(Hooper, 2001). Firstly, they have a cleavable N-terminal secretion signal for
translocation into the endoplasmic reticulum. Secondly, they lack any trans-
membrane polypeptide domain in the mature protein. Thirdly, they contain a
predominantly hydrophobic region in the C-terminus, which most likely



Chap. 5 Proteomic Strategy for Anchored Membrane Proteins 69

Fig.5.1. Schematic
representation of a
glycosyl-phos-
phatidylinositol
anchored protein and
the phosphatidylinosi-
tol-phospholipase C
(PI-PLC) enzyme
cleavage site

forms a transient transmembrane domain and is thought to function as a
recognition signal for a transamidase. The latter enzyme cleaves the C-termi-
nal hydrophobic tail of the nascent protein at the so-called w-site, and trans-
fers the truncated protein to a pre-synthesised GPI anchor. Analysis of native
GPI-anchored proteins and site-directed mutagenesis studies have shown
that there are certain sequence constraints for the c-site (Eisenhaber et al.,
1998; Udenfriend and Kodukula, 1995).

A number of bioinformatic tools have been developed for the detection of
GPI-anchored proteins based on the above-mentioned characteristic se-
quence features (Borner et al., 2002; Eisenhaber et al., 2001; Kronegg and
Buloz, 1999).

In mammalian cells GPI-anchored proteins are thought to be located
mainly in sphingolipid- and cholesterol-enriched domains (Harder et al.,
1998) known as lipid rafts, detergent-resistant membranes (DRMs) or deter-
gent insoluble material (DIGs). GPI-anchored proteins are thought to concen-
trate in rafts due to interactions between sphingolipids, cholesterol and the
long saturated acyl chains from the PI moiety of the GPI anchor (Schroeder et
al., 1994). As lipid rafts seem to be a critical component of many processes
there is abundant interest in understanding such membrane microdomains
and the proteins they contain.
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Few GPI-anchored proteins have been experimentally determined or char-
acterized in lipid raft preparations. In a study of detergent-resistant mem-
brane fractions from baby hamster kidney cells, six GPI anchored proteins
were detected by comparing PI-PLC treated and untreated DRM fractions
using 2D gels but only the Thy-1 protein was identified (Fivaz et al., 2000). In
another study, Jurkat T cell detergent-resistant membranes were analyzed and
three GPI-anchored proteins (GDNFR-a, prion-protein and CD48) were
detected among more than 70 proteins. Only CD48 was expected to be present
based on the current knowledge of T cell biology (von Haller et al., 2001).

Here, we can demonstrate a general proteomic approach directed towards
the selective isolation and identification of GPI-anchored proteins. Using the

Strategy

1-Hela cells

2-Isolation of lipid rafts

3-Isolation of GPI protein:
PI-PLC treatment
Two-phase separation

4-SDS-PAGE of aqueous phase

5-Identification of GPI-proteins by LC MS/MS

Fig. 5.2. Modification-specific proteomic strategy for isolation and identification of
GPI-anchored proteins by mass spectrometry. Stage 1 HeLa cells; 2 rafts isolated based
on insolubility at a high pH and after sucrose gradient centrifugation; 3 isolation of GPI-
anchored proteins by combination of phospatidylinositol-specific phospholipase C (PI-
PLC) and Triton X-114 based two-phase separation; 4 SDS-PAGE of aqueous GPI-
anchored protein enriched fraction after acetone precipitation; 5 identification of
GPI-anchored proteins by tryptic in-gel digestion of excised bands and peptide analysis
by nanoscale high performance liquid chromatography (HPLC) interfaced to electro-
spray quadrupole time-of-flight (QTOF) tandem mass spectrometry (nLC-MS/MS)
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concept of ‘modification-specific proteomics’ (Jensen, 2000), we combined
membrane protein fractionation methods, a specific biochemical technique
for isolation of GPI-anchored proteins and advanced mass spectrometry for
protein identification (Fig. 5.2).

5.3 Results
5.3.1 Selective Isolation of GPI-Anchored Proteins

Cells exhibit a broad range of protein expression. Thus, in any proteomic
study it is useful to enrich for the subset or class of proteins to be investigated.
The importance of reducing the sample complexity is especially important in
order to be able to detect and study low abundance proteins, such as mem-
brane proteins.

A raft-enriched fraction was isolated based on insolubility at a high pH.
The sphingolipid and cholesterol content confers lipid rafts with distinct
buoyancy compared to other membrane fractions and they can be isolated by
sucrose gradient centrifugation.

Triton X-114 detergent-based two-phase separation was used to partition
membrane proteins from soluble proteins present in the raft preparation
(Bordier, 1981; Fig. 5.2). After removal of membrane-associated proteins by
several cycles of two-phase separation the isolated membranes were treated
with phosphatidylinositol-phospholipase C (Bacillus cereus, PI-PLC) enzyme
in the presence of Triton X-114 by adapting the method of Hooper et al.
(Hooper et al., 1987). PI-PLC hydrolyzes the phosphatidylinositol, thereby
releasing the soluble protein moiety from the membrane/detergent phase and
enabling its recovery in the aqueous phase (Figs. 5.1 and 5.2).

Next, the isolated proteins were separated by gel electrophoresis. In classi-
cal proteomic studies, 2D polyacrylamide gel electrophoresis is a widely used
method for resolving complex mixtures of proteins. However, proteins which
are very hydrophobic are often underrepresented due to solubility problems
during the isoelectrofocusing process, a problem also observed with GPI-
anchored proteins (Fivaz et al., 2000; Santoni et al., 2000). GPI proteins are
often highly N-glycosylated, leading to numerous isoforms and heterogeneity
that generate poorly resolved trails of protein spots or smears in 2D PAGE
(Kuster et al., 2001). This problem can be addressed by treating the sample
with exoglycosidases to reduce the heterogeneity of protein. However, to avoid
these complicating sample handling procedures and to gain sensitivity, we
used regular one-dimensional SDS-PAGE. This combination of methods, i.e.
detergent-based two-phase separation combined with PI-PLC treatment and
SDS-PAGE, makes it possible to generate and separate a highly enriched GPI
anchored protein fraction (Fig. 5.3). As shown in Fig. 5.3, sample complexity is
significantly reduced when going from a total raft protein preparation (lane 1)
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to the fraction enriched for GPI-anchored proteins (lane 4). The selectivity of
the enzymatic PI-PLC treatment is obvious when comparing lane 3
(untreated) and lane 4 (treated) protein sample in Fig. 5.3. Subsequently, we
rely on peptide analysis by LC-MS/MS to resolve and identify GPI-anchored
proteins isolated by SDS-PAGE.

5.3.2 Identification of GPI-Anchored Proteins by Mass Spectrometry

When starting from a complex sample there is often more than one protein in
each of the excised protein bands from SDS-PAGE. In-gel digestion
(Shevchenko et al., 1996) of proteins leads to complex peptide mixtures, which
are subsequently analyzed and sequenced by mass spectrometry, leading to
unambiguous identification of the different proteins present in the same gel
band.

Protein samples in twelve individual gel slices were in-gel digested with
trypsin and the recovered peptides were separated and sequenced by
nanoscale high performance liquid chromatography (HPLC) interfaced to
electrospray quadrupole time-of-flight (QTOF) tandem mass spectrometry
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(LC-MS/MS). For each LC-MS/MS run, the complete set of peptide tandem
mass spectra was submitted for sequence database searching using MASCOT
software (Perkins et al., 1999).1n this way a list of 17 proteins was produced by
LC-MS/MS analysis of the twelve protein bands cut from the SDS-PAGE gel
(Fig. 5.3 and Table 5.1).

Among the 17 identified proteins, six were characterised as known GPI-
anchored proteins. A majority of the non GPI-anchored proteins were trans-
membrane proteins whose presence may be due to their partial solubilisation
during the two-phase separation process (Table 5.1).

5.3.3 Protein Sequence Analysis

The amino acid sequences of the identified proteins were inspected for features
that are specific for GPI-anchored proteins. The predicted modification site or
“w-site” for each of these six GPI-anchored proteins are shown in Table 5.1. Five
out of the six known GPI-APs were categorized as GPI-AP by two sequence
analysis tools: Big-PI (http://mendel.imp.univie.ac.at/gpi/gpi_server.html)
and DGPI (http://129.194.185.165/dgpi/index_en.html). Carboxypeptidase M
was only recognized as GPI-AP by the latter method (DGPI). The remaining 11
proteins were categorized as non-GPI-APs by both of these sequence analysis
tools. Thus, based on this limited experimental data set the GPI-AP prediction
servers seem more likely to produce false negatives than false positives. Bioin-
formatic methods can provide a very useful starting point for identifying GPI-
APs in a variety of model organisms (Borner et al., 2002), but they have to be
used with caution and experimental validation is required (Elortza et al.,2003).

5.4 Discussion

A modification specific proteomic strategy for detection of GPI-anchored
proteins was used to isolate and identify 17 proteins in a lipid raft preparation
from HeLa cells. Six of these 17 proteins were known GPI-anchored proteins,
demonstrating the high selectivity and specificity of the technique. GPI
anchored proteins include a wide variety of functional classes. This is also evi-
dent from this study where we detected six GPI-anchored proteins acting as
receptors, enzymes and surface antigens (Table 5.1). Non-tissue-specific alka-
line phosphatase is a hydrolase that may play a role in skeletal mineralisation
(Weiss et al., 1988). Carboxypeptidase M enzyme is an exoprotease that acts
by cleaving at arginine or lysine residues at the carboxy terminus of polypep-
tides (Tan et al., 1995). Decay acceleration factor (CD55) plays a role in host-
pathogen interactions (Ward et al., 1994). CD59 is involved in signal trans-
duction for T-cell activation via a complex with a protein tyrosine kinase
(Stefanova et al., 1991). Urokinase plasminogen activator receptor (UPAR) is
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Table 5.1. GPI-APs identified by modification-specific proteomic analysis

Swiss Prot? Name of GPI-anchored proteins No.b
P05186 Alkaline phosphatase 11
P08174 Decay acceleration factor, CD55 9
P15328 CD59 glycoprotein 8
P13987 Folate receptor 1 3
P14384 Carboxypeptidase M 2
Q03405 Urokinase plasminogen activator receptor (UPAR) 1
Name of non-GPI-anchored proteins

P43121 Melanoma adhesion molecule, CD146 2
P11912 B-cell antigen receptor complex ass. Prot. a-chain, CD79 3
P15999 ATP synthase alpha chain 3
P08195 4F2 heavy chain antigen, CD98 4
P21796 Voltage-dependent anion channel 4
P05556 Fibronectin receptor, CD29 13
P16070 Epican, CD44 2
Q9UK57 Mesotheline/megakaryocyte potentiation factor 3
QI9NZS6 Glucocorticoid receptor AF-1 specific elongation factor 3
P02571/P02572  Actin, beta and/or gamma actin 4
P11021 78-kDa glucose-regulated protein 15

2 Swiss-Prot accession number

> The number of peptide tandem mass spectra that were matched to the protein
sequence

¢ The score obtained in Mascot database search (significance threshold 54). The mascot
score is ~10xLog(P), where P is the probability that the observed match is a random
event. Individual ions scores >50 indicate identity or extensive homology (p<0.05)

4 Omega site: w-site predicted for each protein

¢ Big Pi (http://mendel.imp.univie.ac.at/gpi/gpi_server.html)

f DGPI (http://129.194.185.165/dgpi/index_en.html); * means recognized as GPI-AP
and ** means not recognized as GPI-AP

the receptor for urokinase plasminogen activator (uPA) and plays a role in
targeting and promoting plasmin formation (Preissner et al., 2000). Folate
receptor 1 binds folate and reduced folic acid derivatives, mediating the deliv-
ery of 5-methyltetrahydrofolate to the interior of the cells (Wang et al., 1996).
The only common feature of these proteins is the glycosyl-phosphatidylinos-
itol anchor that locates the proteins in lipid rafts at the extra cellular leaflet of
the plasma membrane, where they are able to perform their biological func-
tion.
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Mascot score* Omega sited Big Pic DGPIf
322 SSAGSLAAGPLLLALALYPLSVLF * *
376 SGTTRLLSGHTCFTLTGLLGTLVTMGLLT * *
279 SGAGPWAAWPFLLSLALMLLWLLS * *
131 NGGTSLSEKTVLLLVTPFLAAAWSLHP * *
79 SAATKPSLFLFLVSLLHIFFK ok *
62 SGAAPQPGPAHLSLTITLLMTARLWGGTLLWT * *
Transmembrane

80 Yes ** *
135 Yes ** *
159 Yes bl ok
181 Yes * ol
191 Yes o *
585 Yes ** x
75 NO %% X%
91 NO %% %
104 No % x
147 No * *
768 No * b

5.5 Conclusion

A novel proteomic strategy targeted towards the identification of glycosyl-
phosphatidylinositol anchored membrane proteins successfully recovered
and identified six known GPI-anchored proteins. The identification of these
six known GPI-APs in human lipid rafts validates our strategy and our pre-
liminary result supports the hypothesis that GPI-APs are enriched in lipid raft
preparations. The number of GPI-APs recovered from the lipid raft prepara-
tion and the sequence coverage obtained for these proteins by mass spec-
trometry demonstrate the selectivity, specificity and the sensitivity of the
method, and suggests that this modification specific strategy is generally
applicable for proteomic analysis of GPI anchored proteins. It generates
experimental data which validates in silico based predictions of GPI-anchored
proteins. The method has the potential to systematically determine the com-
position of GPI-anchored proteins in cell membranes for classification of cell
types and differentiation stages and for detection of pathogenic or perturbed
conditions.
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5.6 Material and Methods
5.6.1 Lipid Raft Preparation

Rafts were isolated based on their ability to resist solubilization at a high pH.
The cells were scraped into 100 mM Na,CO,, pH 11, passed 10x through a
Dounce homogenizer and sonicated for three 20-s pulses with a 3 mm probe
sonicator. Following a low speed centrifugation to clarify the lysates, the solu-
tion was put into 45% sucrose, placed in a Sorvall SureSpin 630 ultracen-
trifuge tube, and a discontinuous gradient (5/35% sucrose) was layered on
top. The gradient was centrifuged for 18 h at ~170,000xg and the layer con-
taining the rafts (near 25% sucrose) was subsequently extracted, diluted in
100 mM Na,CO,, pH 11 and centrifuged for an additional 2 h (~170,000xg) to
pellet the rafts.

5.6.2 Two-Phase Separation and Phosphoinositol-Phospholipase C
Treatment

Membranes were equilibrated by resuspending the pellet in buffer A (20 mM
Hepes pH 7.5,0.2 mM Phenylmethylsulfonylfluoride (PMSF) and 0.5 tablet of
protease inhibitor per mL) and pelleted again at 20,000xg for 20 min. The
membrane fraction was resuspended in 100 pl buffer A, then the same volume
of Triton X 114 (Glyko) was added and mixed to homogeneity. The mixture
was chilled on ice for 5 minutes, and then transferred to 37 °C for 20 min for
phase separation. The aqueous supernatant was discarded and the extraction
procedure was repeated. The detergent phase was recovered and 100 pL of
buffer A with two units of PI-PLC (Molecular Probes) were added and the
entire mixture was incubated at 37 °C with shaking. After 1 h, phase separa-
tion was performed again and the aqueous supernatant was recovered. Buffer
and enzyme were added again to the detergent phase and the procedure was
repeated. The two resulting aqueous supernatant fractions were pooled and
the proteins were recovered by acetone precipitation, separated by SDS-PAGE
and visualized by silver staining. Protein bands were cut out and in-gel
digested with trypsin (Shevchenko et al., 1996).

5.6.3 Mass Spectrometry

Automated nanoflow liquid chromatography/tandem mass spectrometry
analysis was performed using a electrospray ionization QTOF Ultima mass
spectrometer (Waters/Micromass UK Ltd., Manchester, UK) employing auto-
mated data dependent acquisition. A nanoflow-HPLC system (Ultimate;
Switchos2; Famos; LC Packings, Amstersdam, The Netherlands) was used to
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deliver a flow rate of 175 nl min-! to the mass spectrometer. Chromato-
graphic separation was accomplished by using a 2-cm fused silica precolumn
(75 mm i.d.; 360 mm o.d.; Zorbax® SB-C18,5 um (Agilent, Wilmington, DE))
connected to a 8 cm analytical column (75 mm i.d.; 360 mm o.d.; Agilent
Zorbax SB-C18 3.5 pm). Peptides were eluted by a gradient of 5-32% ACN
in 30 min.

The mass spectrometer was operated in positive ion mode with a source
temperature of 80 C and a countercurrent gas flow rate of 150 1 h-!. Data
dependent analysis was employed (three most abundant ions in each cycle): at
1 s MS m/z 350-1500 and a maximum of 4 s MSMS m/z 50-2000 (continuum
mode), 30 s dynamic exclusion.

Raw data were processed using MassLynx 3.5 ProteinLynx and the resulting
MS/MS data set exported in the Micromass pkl format. Automated peptide
identification from raw data was performed using an in-house MASCOT
server (v. 1.8) (Matrix Sciences, London, UK). External mass calibration using
Nal resulted in mass errors of less than 50 ppm, typically 5-15 ppm in the m/z
range 50-2000.

5.6.4 Bioinformatics

Two sequence-based GPI-AP prediction tools, Big-PI (http://mendel.imp.uni-
vie.ac.at/gpi/gpi_server.html) and DGPI (http://129.194.185.165/dgpi/index_
en.html), were applied to analyze the identified protein sequences.
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6 Diocleinae Lectins: Clues to Delineate
Structure/Function Correlations
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FrREDERICO B.M.B. MORENO, ALEXANDRE H. SaAMPAIO,
THALLES B. GRANGEIRO, BENILDO S. CAVADA and JuaN J. CALVETE

6.1 Introduction

Lectins are a structurally heterogeneous group of carbohydrate-binding pro-
teins of non-immune origin comprising distinct families of evolutionarily
related proteins (van Damme et al. 1998) (consult also the 3D Lectin Database
at http://www.cermav.cnrs.fr/databank/lectine). Sugar recognition mecha-
nisms have evolved independently in diverse protein frameworks, and lectins
are ubiquitous in animals, plants and microorganisms. Lectins play biological
roles in many cellular processes, such as: cell communication, host defense,
fertilisation, development, parasitic infection and tumour metastasis, by deci-
phering the glycocodes encoded in the structure of glycans attached to solu-
ble and integral cell membrane glycoconjugates (Gabius and Gabius 1997).

Though in many instances their exact biological roles remain elusive,
lectins from terrestrial plants have been extensively exploited as biochemical
tools in biotechnology and biomedical research due to their exquisite carbo-
hydrate recognition properties. Moreover, legume lectins have traditionally
been represented as a paradigm for studying protein-carbohydrate interac-
tions.

Plant lectins from the Leguminosae family remain the most thoroughly
investigated group of sugar-binding proteins. Despite large conservation in
their primary structures, Leguminosae lectins exhibit considerable diversity
in their carbohydrate binding properties. This diversity is observed not only
in lectins that recognise different monosaccharides but also in lectins that
share the same nominal monosaccharide specificity. The structural basis and
thermodynamics of selective sugar recognition have been assessed by X-ray
crystallography (Weis and Drickamer 1996; Elgavish and Shaanan 1997; Loris
et al. 1998; Bouckaert et al. 1999) and isothermal titration calorimetry (Cher-
venak and Toone 1995; Dam et al. 1998; 2000a, b). Low affinity primary bind-
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ing sites for monosaccharides are pre-formed in shallow grooves on the pro-
tein surface. Carbohydrate recognition and binding selectivity is achieved
through a combination of hydrogen bonds between sugar hydroxyls and pro-
tein main- and side-chain groups, water-mediated contacts, van der Waals
packing of the hydrophobic sugar ring face against an aromatic amino acid
residue, and hydrophobic interactions. Higher selectivity and affinity for
complex carbohydrate ligands are achieved both by the existence of subsites
in thelectin monomer that extend the monosaccharide binding pocket and by
the clustering of these carbohydrate-binding sites in oligomeric lectins, i.e.
subunit multivalency.

Legume lectin subunits display a high degree of tertiary fold conservation.
The architecture of the legume lectin fold is structurally related to a jelly roll
motif built by a curved seven-stranded ‘front’ f-sheet, almost a flat six-
stranded back f-sheet, and a smaller five-stranded top p-sheet (reviewed by
Loris et al. 1998). The front and back sheets form a sandwich, which is bridged
on one side by the top sheet. The sugar-binding site lies in a shallow cleft
against the front sheet and involves residues originating from three loops
connecting the strands of the S-sheet.

6.2 Quaternary Structure Variability

Leguminosae lectins exhibit considerable diversity in the modes in which
their monomers oligomerise (Prabu et al. 1999). Quaternary structure relates
to biological activity because the spatial distribution of carbohydrate-binding
sites in oligomeric lectins determine the ability of these lectins to distinguish
and cross-link multivalent saccharide ligands or specific cell surface arrays of
glycoconjugates. Thus, there is a longstanding correlation between the ability
of lectins, such as ConA, the Canavalia ensiformis seed lectin, to aggregate cell
surface glycoproteins and their mitogenic activity (Lis and Sharon 1986).
Lectins isolated from seeds of the Diocleinae subtribe of the Phaseoleae
tribe of leguminous vines have amino acid sequences which are closely
related to ConA but exhibit distinct pH-dependent dimer-tetramer equilibria
(Calvete et al. 1999) and show different biological activities, such as induction
of lymphocyte proliferation and interferon y production (Barral-Netto et al.
1992), pro-inflammatory activities (Rodriguez et al. 1992), and histamine
release from rat peritoneal mast cells (Ferreira et al. 1996; Barbosa et al. 2001;
Cavada et al. 2001). Accumulating evidence indicates that several factors may
contribute to the distinct biological effects exerted by these closely related
lectins. For example, the histamine releasing activity appears to correlate with
the relative affinities of the Diocleinae lectins for a biantennary complex
oligosaccharide (Dam et al. 1998). On the other hand, a single amino acid
replacement at position 58 (Asp in ConA; Gly in Canavalia brasiliensis seed
lectin, ConBr) disrupts a hydrogen bond at the dimer-dimer interface leading
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to significant differences in the relative orientation of the carbohydrate bind-
ing sites in the quaternary structures of ConA and ConBr (Sanz-Aparicio et
al. 1997). Thus, ConA and ConBr may bind to similar or identical carbohy-
drate structures that are differently exposed on cell surfaces, thereby trigger-
ing the response of different cell populations or different quantitative effects
on the same cells. In addition, since only the tetravalent form is able to cause
cross-linking of the receptor on the cell surface, the different ratios between
divalent and tetravalent lectin species at a given pH may also contribute to the
variability of the biological function of Diocleinae lectins.

6.3 Structural Basis of pH-Dependent Oligomerisation: The
Crystal Structures of the Lectins from Dioclea grandiflora
and Dioclea guianensis

The seed lectin from Dioclea guianensis (Dguia) exhibits pH-dependent
dimer-tetramer equilibrium above pH 5.5, while that of Dioclea grandiflora
(Dgran), whose crystal structure has been recently reported (PDB accession
code 1DGL) (Rozwarski et al. 1998), exists as a tetramer above pH 4.5 (Calvete
et al. 1999). We have recently solved the P4,2,2 crystal structure of Dioclea
guianensis seed lectin at 2.0-A resolution from diffraction data collected at
cryogenic temperature at the Elettra Synchrotron Light Source (Italy) on
beamline 5.2R and at the EMBL-DESY Outstation (Hamburg) on beamline
BW7B (PDB code 1H9P) (Wah et al. 2001). In the crystals of native Dguia
lectin, a canonical legume lectin dimer occupies the asymmetric unit and a
tetramer is formed from two symmetry-related dimers in a similar manner as
has been observed in every ConA crystal space group reported to date. Bouck-
aert and colleagues (1996) have also noticed that in crystals grown in condi-
tions (pH 5.0), where the lectin is known to be dimeric in solution, ConA
dimers change into a tetramer-like oligomer resembling the native ConA
tetramer, but with a drastically smaller number of interdimer interactions.
Thus, the tetramer appears to represent the most favourable oligomeric asso-
ciation in the crystal nucleation process, although the lectin might be
regarded as dimeric in the crystal just as in the solution at the same pH.

Two dimers of crystallised Dguia lectin range cross-wise back to back to
form the tetramer. At the interface, the two concave, 12-stranded f-sheets of
each dimer are offset from one another by roughly 75° so that the dimer-
dimer interactions are made on the periphery of the sheets. The center of the
tetramer is a large (25x8 A2) water-filled cavity. The loops comprising
residues 117-123 of each monomer extend deep into this cavity towards the
opposite B-sheet. In the crystal structure of Dioclea guianensis lectin, these
loops are fairly disordered (Fig. 6.1d) and poor density for this region has
been also reported in different crystal forms of Con A and ConBr (Loris et al.
1998; Sanz-Aparicio et al. 1997). On the other hand, residues 114-125 are
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Fig. 6.1. a Ca superposition of the structures of Dioclea guianensis lectin and Dioclea
grandiflora lectin. Two monomers (labelled A and B) change into a canonical dimer
along their fB-sheets to form an extended 12-stranded S-sheet. Tetramers are formed by
face-to-face association of symmetry-related dimers. Note that the loop comprising of
residues 114-125, extending deep into the central cavity of the tetramer, is ordered in the
crystal structures of the seed lectins from Dioclea grandiflora and Dioclea violacea (pale
gray) but is disordered in the Dioclea guianensis lectin structure. The N-termini of the
monomers are labelled N-t.b, ¢ show details of the interactions at the dimer-dimer inter-
face between the 117-123 loop and residue 131 in the Dioclea violacea and Dioclea gran-
diflora lectin (1IDGLY) tetramers, respectively, which are absent in the Dioclea guianensis
tetramer (1H9P) (d). Hydrogen bonds and van der Waals interactions are represented by
dashed lines
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ordered at the dimer subunit interface in the crystal structure of the Dioclea
grandiflora seed lectin (Rozwarski et al. 1998; Fig. 6.1a). In this latter struc-
ture, a network of hydrogen bonds involving residues from all four tetramer
subunits contribute to order the conformation of loop 114-125 (Fig.6.1 ¢). For
instance, the backbone carbonyl of Ile 120 hydrogen bonds to the side chain of
His 131 in a different subunit, and this interaction is duplicated within the
dimer-dimer interface by a two-fold symmetry axis. Moreover, the ND1 of His
B131 hydrogen bonds with the main-chain oxygen of Asp A122.Van der Waals
contacts are made between Cf and the Car of Ala A123 and between CE1 and
the CB of Ala Al121. His B131 makes additional contacts with the loop of
monomer C from the other dimer. NE2 donates a hydrogen bond to the main-
chain oxygen of Ile C120, and a van der Waals interaction occurs between CD2
of His B131 and CG2 from the side chain of Ile C120.

Residue 131 is an asparagine in Dguia lectin, and in striking contrast to
Dgran lectin, many fewer interactions are observed at the dimer-dimer inter-
face. Asn B131 has only one contact with the loop of its dimer partner
monomer A, that is a hydrogen bond between ND2 and the main-chain oxy-
gen of residue A123 (Fig. 6.1d).

Similarly to Dguia lectin, ConA behaves as a dimer in buffers below pH 5.0
and forms tetramers above pH 7.0. The effects of temperature and pH on the
reversible dimer-tetramer association of ConA has been studied by sedimen-
tation equilibrium, the authors proposed that the association is governed by
the ionisation of a histidine imidazole group on each subunit, either His51 or
His121. In this model, protonation of His121 of each protomer would cause
charge repulsion and dissociation of the dimers (Senear and Teller 1981).
However, our results suggest an alternative explanation.

A comparison of the three-dimensional structures of Dgran and Dguia
lectins clearly shows that except for the residue at position 131, none of the
amino acid replacements significantly affect tertiary or quaternary interac-
tions. On the other hand, replacement of His for Asn at position 131 in the
Dguia lectin accounts for the drastically reduced number of interdimer inter-
actions compared to the Dgran structure. This is a possible explanation for
the existence of pH-dependent dimer-tetramer equilibrium in the Dguia
lectin, but not in the Dgran lectin,. We hypothesise that the ordering of the
114-125 loop structure by His131 stabilises the tetrameric association.

6.3.1 The Key Role of His-131: The Crystal Structure of Dioclea violacea
(Dviol) Seed Lectin

To validate our hypothesis that small differences in key positions of the pri-
mary structure of close phylogenetically related lectins, in particular at posi-
tion 131, may have an impact in oligomer formation and this, in turn, may have
profound functional consequences, we have analysed by analytical centrifuga-
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tion equilibrium sedimentation a set of Diocleinae lectins (Fig.6.2),and deter-
mined their primary structures by a combination of automated Edman degra-
dation of HPLC-isolated proteolytic peptides and mass spectrometry . In keep-
ing with our hypothesis, all Diocleinae lectins exhibiting pH-dependent
tetrameric association possess Asn at position 131. These include the seed
lectins from Dioclea guianensis ('*SIADANSLHFSENQFSQ!%%), Canava-
lia brasiliensis (*STHETNALHFMENQFSK!3%), Canavalia bonaerensis
(1'*STADANSLHFTFNQFSQ!*), Cratylia floribunda ('*STADAQSLHFTFN-
QFSQ!%), Dioclea rostrata (1" STADANSLHFTFNQFSQ!35), and Dioclea virgata
(1STADANSLHFSFENQFSQ!35). On the other hand, the lectin from Dioclea vio-
lacea, which like that of Dioclea grandiflora is tetrameric in the pH range
4.5-8.5, possesses His131 1> (1"SIADENSLHFSFHKFSQ!%%). The primary struc-
ture of the Dioclea violacea lectin was established by mass peptide fingerprint
(Fig.6.3A), PSD analysis of selected ions (Fig. 6.3B), and N-terminal sequence
analysis (Fig. 6.4B). It differs in only nine residues from that of Dioclea guia-
nensis. These residues (Dguia/Dviol) are: Ser21/Asn, Ala50/Val, Thr68/Ser,
Ala123/Glu, Asnl31/His, GIn132/Lys, Thr147/Phe, Ser168/Asn, and Asp205/
Glu.

The Dioclea violacea seed lectin was crystallised at 22 °C using the vapour-
diffusion method in hanging drops equilibrated against a mixture of 10%
PEG 8000 and 10% PEG 1000 as precipitant. X-ray diffraction data to a maxi-
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Fig. 6.3. A.Mass tryptic peptide fingerprinting of the seed lectin from Dioclea violacea
recorded by MALDI-TOF mass spectrometry. B displays a typical PSD mass spectrum
(from peptide 7SAPVHIWEK!®, parent ion of m/z 1142.72) used for elucidation of the
primary structure of the Dioclea violacea seed lectin shown in Fig. 6.4B
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Fig. 6.4. A. The package of programs PHYLIP (the PHYLogeny Inference Package;
obtained at: http://evolution.genetics.washington.edu/phylip.html) and MEGA (Molec-
ular Evolutionary Genetic Analysis) (http://www.megasoftware.net) were employed for
inferring a phylogenetic tree from a multiple alignment of Diocleinae lectins from the
genera Canavalia (C. ensiformis [P02866], C. brasiliensis [P55915], C. gladiata [P14894],
C. virosa [P81461], C. lineata [P81460], C. maritima [P81364], and C. helio [u.r., unpub-
lished results]), Dioclea (D. virgata [u.r.], D. guianensis [P81637], D. grandifiora
[P08902], and D. lehmannii [A45587]) and Cratylia (Cr. floribunda [P81517]). The tree
represents the minimum evolutionary distance estimated through neighbour joining
using maximum likelihood distances. B Primary structure of the Dioclea violacea seed
lectin obtained by combination of mass spectrometry (as in Fig. 6.3) and N-terminal
sequencing. Dioclea-specific amino acid residues are highlighted

-
-

mum resolution of 3.2 A were collected at the beamline BM14 (ESRF, Greno-
ble). The asymmetric unit (a=55.25,b=113.33,¢c=123.27) contained a tetramer
and belonged to space group P2,2,2,. The Dioclea violacea seed lectin was
solved by molecular replacement using the coordinates of Dioclea grandiflora
seed lectin (PDB code 1DGL) as the search model. The structure is being cur-
rently refined and will be reported in detail elsewhere. For the purpose of dis-
cussion here it is suffice to notice that the loop 114-25 is ordered owing to
interactions with His131 of one monomer with aspartate residues 123 from
neighbouring monomers (Fig. 6.1b). It is worth noting that this network of
quaternary contacts is different from the interactions in the dimer-dimer
interface of the Dioclea grandiflora lectin. Nevertheless, the data support the
view that Hisl31 plays a critical role in stabilising the pH-independent
tetrameric association through the ordering of the 114-125 loop structure.
Molecular cloning of native and mutant Diocleinae lectins is underway in our
laboratories to further elucidate structural requirements that modulate the
dimer-tetramer equilibrium.

6.4 Diocleinae Lectin Sequence Characteristics as
Phylogenetic Markers

A dendogram generated from a multiple sequence alignment of Diocleinae
lectins clearly segregates the genera Diocleae, Canavalia, and Cratylia
(Fig.6.4A). A close examination of the aligned sequences revealed that certain
positions are occupied by genera-specific residues. Those amino acids that are
invariant in all Dioclea lectins are highlighted in Fig. 6.4B. In Canavalia
lectins these positions are also conserved (T', N2I, V32, K%, K3, N4, [,
69GDS71, D82’ 896’ 5117’ 120THET123’ A125’ M129’ 135KDQ137’ G149’ R158, N162’ SI63, 8184’
S204) A211, 8215 1217 and T?2%). The seed lectin of Cratylia floribunda, the only
lectin of this genus whose sequence has been reported (Cavada et al. 1999),
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represents an intermediate situation: some positions (21, 39, 53, 69-71,
121-123, 135-137, 184, 211, 215, 217, 226) display Dioclea-specific residues,
while a few other positions (32, 96, 204) exhibit amino acids characteristic of
Canavalia lectins. This evidence suggests that defined amino acids have been
distinctly conserved in the evolution of Diocleinae lectins. Though the physi-
ological significance of this genus-specific conservation of defined amino
acids remains to be disclosed, these primary structural features might be
exploited as phylogenetic markers to aid in cases of conflicting taxonomical
classification.
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7 The Contribution of Optical Biosensors to the
Analysis of Structure-Function Relationships in
Proteins

MAaRrc H.V.VAN REGENMORTEL

7.1 Introduction

Elucidating the nature of the relationships between the structure and func-
tion of biomolecules remains the key problem that molecular biologists need
to solve in order to complete their reductionist agenda. According to Francis
Crick (1966): “The aim of the modern movement in biology is to explain all
biology in terms of physics and chemistry “ This reductionist credo dis-
regards the fact that biological systems possess so-called emergent properties
that arise through the innumerable interconnections that exist between the
individual constituents of each system. These emergent or relational proper-
ties do not exist in the constituent parts and cannot be deduced or predicted
from the properties of the individual’s isolated components (Holland 1994,
Van Regenmortel and Hull, 2002). The beauty of a melody is not present in the
individual notes but in the melody as a whole.

In recent years, an increasing number of biologists and philosophers have
pointed out the fallacy of attempting to reduceliving organisms to a simple jux-
taposition of non-living constituents. It has become clear that biological sys-
tems can only be understood in terms of their evolutionary history on Earth
and that biology is an autonomous discipline requiring its own explanatory
concepts not found in chemistry and physics (Dupré 1993; Rosenberg 1994;
Bhalla and Iyengar 1999; Weng et al 1999; Van Regenmortel and Hull 2002).
Concepts like replication error, adaptation, natural selection, fitness or protec-
tion against infection are only meaningful in a biological context. These con-
cepts require the use of a functional language that refers to the roles that mole-
cules,organelles, cells and organs play in meeting the needs of an organism and
keeping it alive (Hull and Ruse 1998; Van Regenmortel 2002a).

For the last 50 years molecular biologists have been guided by the reduc-
tionist paradigm: “structure determines function”. This paradigm assumes
that functions, which are always necessarily part of the biological realm, can
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be analysed and explained solely in terms of the chemical structure of bio-
molecules. In effect, it assumes that biological questions and problems can be
translated in the language of physics and chemistry. If this were feasible, it
would transform biologists into physical chemists and would, at long last, suc-
ceed in making biology truly molecular. I believe that such an alleged trans-
formation of biology into genuine molecular biology is an example of figura-
tive or metaphorical speech. Crystallographers, when they study the structure
of antibodies or enzymes do not, as a result, automatically become immunol-
ogists or enzymologists. Today, a considerable part of what is described, as
research in molecular biology belongs to fields like physical chemistry or pro-
tein chemistry and is aimed at solving chemical rather than biological prob-
lems. As pointed out by Sterelny and Griffiths (1999, p. 147): “Molecular biol-
ogy is the study of how biochemical and other physical laws operate in the
complex and varied cellular contexts that evolution has produced”. If the cel-
lular and organismic context is ignored, the biological enquiry becomes a
purely chemical investigation and its relevance to biology may be question-
able.

7.2 Structures Do Not Cause Function

Although a biological function cannot take place in the absence of an under-
lying material structure, the structure only sets constraints for the type of bio-
logical activity that is possible within the context of a given system. A struc-
ture does not possess a necessary and sufficient causal efficacy in bringing
about a particular function. Causal relations are actually relations between
successive events and not between two material objects or between an object
and an event. Biological functions result from the integrated interactions of
many individual biomolecules and macromolecular assemblies. A single pro-
tein is able, on average, to interact with as many as five different partners
through the various binding sites it harbours and, furthermore, the same bio-
logical activity can be generated by a variety of structures (Martin et al 1998).
It is thus illusory to look for a single cause as the explanation of any biologi-
cal phenomenon. Biological systems are complex and any observed effect is
always the result of a network of interactions. Instead of invoking causes, it is
preferable to refer to the many factors that simultaneously influence the state
of a biological system (Van Regenmortel 2002a).

Another difficulty with the paradigm structure determines function is that
it is rarely made clear what exact meaning is given to the terms structure and
function. Obviously, a close link between a protein structure and binding
activity can be expected only if attention is restricted to the binding site rec-
ognized by a specific ligand rather than to the whole protein.

The term function is even more problematic since it is used in various ways
depending on the level of biological organization under consideration (Hull
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and Ruse 1998). Biochemists tend to focus only on the molecular level and
restrict their attention to functions like binding, catalysis or signaling. In
many cases, the only function that biochemists discuss is binding activity and
as a result, the term function is often used as if it were synonymous with bind-
ing. It should be emphasized that it is not possible to deduce binding activity
from the structure of a protein unless a particular relationship with a specific
partner has first been identified. The reason for this is that a binding site is a
relational entity defined by the ligand and not by intrinsic structural features
of the protein identifiable independently of the ligand. The structure of a
binding site as opposed to the structure of a molecule cannot be described
without considering the binding partner (Van Regenmortel 2002a).

Since structure is not the cause of a function like binding, any analysis of
structure-function relationships must be limited to a search for correlations
rather than for causal relations. Instead of looking for the cause of binding,
the aim should be to investigate the various factors and environmental para-
meters that can influence binding activity.

Most biological functions have a meaning only at the cellular and organis-
mic level (Bork et al 1998). Protein functions, for instance, have been differen-
tiated by the roles they play at the level of the whole organism and this has led
to classification in three categories according to energy, information and
communication-associated proteins (Tamames et al 1996; Patthy 1999). The
link between such functions and protein structure is less direct than between
binding and structure since these functions result from the integrated inter-
actions of many individual proteins. It is to be expected that any correlation
between structure and function will then be even more difficult to unravel.

7.3 Can Protein Functions Be Predicted from Structure or
Should They Be Determined Experimentally?

Since there is no unique, causal relationship between the structure of a pro-
tein and its function, it is not astonishing that the prediction of biological
functions of proteins de novo and in silico has until now met with little suc-
cess. Most attempts at predicting protein functions are based on sequence
comparisons of proteins of known and unknown function, and generally
homology searches succeed only in placing a protein in a broad functional
class (Fields 1997). When the degree of sequence difference between two pro-
teins is extensive, any functional prediction becomes even less reliable.

Our ability to predict the 3D structure of a protein from its sequence is still
too limited to allow one to locate the position of a binding site in more than
about 50 % of the cases (Russell et al 1998). Furthermore, when a potential
binding site has been located, this does not necessarily indicate the nature of
the ligand since similar binding sites may bind ligands that differ markedly in
chemical properties. As pointed out by Moodie et al (1996) binding motifs are
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fuzzy in the sense that the shape and chemical complementarity between two
partners can be achieved by a large number of alternative amino acid
arrangements. In view of the low success rate of predicting the function of
proteins from their structure, it has been argued that reliable information on
function is more likely to be obtained by direct experimental determination
rather than by the use of prediction algorithms. In the field of functional pro-
teomics, this means that research efforts may be more successful if they were
guided by the paradigm: binding determines function instead of by the para-
digm: structure determines function (Van Regenmortel 2002b).

7.4 Analyzing Structure-Activity Correlations with
Biosensors

The biological activity of a protein always involves a process of molecular
recognition which depends on an initial, specific binding step with a ligand.
Therefore, the primary criterion for assessing biological activity is the ability
of the protein to bind specifically in a binding assay. Although the presence of
biological activity in a protein can be demonstrated by various in vitro and in
vivo biological assays, such assays are less accurate and reproducible than
binding assays. Therefore, assays that measure the initial binding step of the
protein to a ligand are a useful surrogate method for quantifying biologically
active proteins compared with cellular and other bioassays.

In recent years, the development of biosensor instruments based on surface
plasmon resonance (SPR) has become the method of choice for measuring
the binding characteristics of biomolecules. These instruments measure the
binding between a ligand immobilized on a sensor chip and an analyte intro-
duced in a flow passing over the surface (Wilson 2002). The binding process is
followed on a computer screen as a function of time, in terms of change in
mass concentration occurring at the surface of the chip. None of the reactants
are labeled, which avoids the artefactual changes in binding properties that
often occur when molecules are labeled. Since the interaction is measured in
real time, it is possible to determine kinetic rate constants and equilibrium
affinity constants (Karlsson and Roos 1997, Morton and Myszka 1998).

The most commonly used biosensor instrument is the BIACORE, which
exists in several versions and has been used in about 90 % of the studies pub-
lished so far (Myszka 1999 a, Rich and Myszka 2000, 2001, 2002). This instru-
ment consists of an optical detector system, exchangeable sensor chips, a pro-
cessing unit and a personal computer for control and evaluation. The sensor
chip is a glass slide coated on one side with a gold film and covered with a dex-
tran layer extending about 100 nm from the surface. The dextran is usually
carboxymethylated which allows the immobilization of molecules containing
primary amines although other immobilization strategies like aldehyde cou-
pling, hydrazide group coupling, sulfhydryl group coupling and chelate link-
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age of oligohistidine tags can also be used (Johnsson et al 1995). The
hydrophilic dextran matrix provides a flexible anchor for ligand immobiliza-
tion and allows interactions to occur very much like in solution. Four inde-
pendent flow cells are present on each sensor chip. Normally one of the cells is
used as a reference surface, which must be submitted to the same activation
and deactivation steps as the reaction surface. This reference surface is used
to check for bulk refractive index changes, nonspecific binding, detector drift
and injection noise and is essential for collecting high quality kinetic data
(Myszka 1999 b). Changes in SPR signal corresponding to the mass of bound
species are monitored continuously and are visualized on the computer
screen as a plot of resonance units (RU) versus time, known as a sensorgram.
For proteins, a signal of 1 RU corresponds to a surface concentration change
of 1 pg/mm?. After each analysis, the sensor surface can be regenerated by
introducing a small volume of a suitable dissociating agent which removes the
analyte from the immobilized ligand. At least 100 analytical cycles can be per-
formed on the same ligand surface.

In order to obtain reliable kinetic data, it is important to avoid various sys-
tem-dependent artefacts and to use low concentrations of immobilized ligand
(Day et al 2002). Possible artefacts arise from mass transport effects, aggrega-
tion, heterogeneity induced by surface immobilization, avidity and matrix
effects and nonspecific binding (Myszka 1999 b). The validity of BIACORE
data is sometimes questioned because it is believed that the normal kinetics
of interaction are altered by the use of an immobilized ligand. On the basis of
computer simulations, it was suggested that the rate constants would be
affected by the slow diffusion of analyte into the dextran matrix (Schuck
1997). There is evidence, however, that under the conditions recommended
for kinetic measurements, the hydrodynamic flow into the dextran is high
enough not to significantly affect the observed kinetic rates (Witz 1999). It has
been shown experimentally that identical kinetics are observed when ligands
are immobilized to surfaces in the presence or absence of a dextran layer
(Karlsson and Filt 1997). Furthermore, several recent studies have shown that
the use of an immobilized ligand in the BIACORE leads to equilibrium con-
stants that do not differ significantly from those measured in solution by
titration calorimetry or analytical ultracentrifugation (Kortt et al 1999 Rich
and Myszka 2000, Day et al 2002). The binding data are analyzed using global
curve fitting and numerical integration and a theoretical best-fit curve to the
primary data should be presented to demonstrate that the interaction model
used to interpret the data is applicable. The range of kinetic parameters that
can be measured reliably is 10>-107 M-! s-! for the on-rate and 10-°to 10! s
for the off-rate (Karlsson 1999).

One of the advantages of using a biosensor for detecting and quantifying a
protein is that the protein that is measured is most probably in its native con-
formation since it has to be recognized by a specific ligand. When physical
and chemical techniques like chromatography, electrophoresis or spec-
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troscopy are used to monitor the presence of a protein, only the chemical
composition and the primary structure are assessed and there is no guaran-
tee that the protein has the correct tertiary structure and is biologically active.
On the other hand, when the concentration of a protein is measured by its
ability to interact specifically with a ligand in a biosensor, it is the biologically
active protein that is measured and not the amount of chemical substance that
may consist of correctly as well as incorrectly folded molecules. In most bio-
logical investigations, it is of course the concentration of biologically active
molecules that is relevant. For this reason the best method available at present
for measuring active concentrations is by means of biosensors. One particu-
lar biosensor procedure which utilizes measurements under various flows is
especially attractive because it obviates the usual need for a standard calibra-
tion curve (Richalet-Secordel et al 1997). Such a curve requires that a prepa-
ration of known active concentration be available, which by itself begs the
question. The active concentration of a protein measured with a biosensor is
nearly always lower than the nominal concentration determined by conven-
tional physico-chemical methods. In the case of recombinant proteins it is not
rare to observe that the active concentration is less than 10 % of the nominal
concentration measured by spectrophotometry (Zeder-Lutz et al 1999).

When searching for correlations between the structure and activity of pro-
teins, it is customary to modify the proteins by mutagenesis and to assess the
effect of mutations on the binding affinity (Van Regenmortel 2001a). In view
of their reliability and ease of utilization, biosensors have replaced most other
techniques for measuring binding affinity in this type of study.

When residues present at the binding interface are mutated, it is usually
found that only a few of the changes lead to an affinity that is reduced by
more than 100-fold. This has led to the conclusion that only a small fraction
of the residues that are assigned to binding sites because they make contact
with the ligand are actually contributing to the binding free energy (Jin and
Wells 1996). On the other hand, substitutions of residues that are not in con-
tact at the interface between two proteins are also frequently found to affect
binding affinity, presumably because these substitutions produce structural
changes that propagate far beyond the mutated region (Ben Khalifa et al
2000). Furthermore, multiple substitutions often have non-additive or coop-
erative effects on the binding kinetics (Rauffer-Bruyere et al 1997). In view
of the difficulty of predicting the effect of mutations on binding affinity, it is
not astonishing that the so-called rational design of improved proteins by
site-directed mutagenesis has so far met with little success (Tobin et al 2000;
Van Regenmortel 2000). Although some success has been reported in pre-
dicting the kinetics of an interaction measured with BIACORE by a multi-
variate QSAR approach involving modifications in sequence and buffer com-
position, the predictions are valid only for the particular protein under study
and cannot be generalized for other systems (Andersson et al 2001; Choulier
et al 2002).
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The neutralization of virus infectivity by antibodies achieved by vaccina-
tion is an example of a functional activity that is only meaningful at the level
of the organism since only whole organisms can be protected against infec-
tion. In view of the considerable practical importance of infectivity neutral-
ization by antibodies, many studies have tried to define which structural fea-
tures differentiate antibodies that neutralize the infectivity of infectious
agents from those that do not. In the case of viruses, it has been shown that the
capacity of antibodies to neutralize virus infectivity is correlated with the
kinetic dissociation rates of antibodies rather than with their equilibrium
affinity constants (Van Cott et al 1994). However, this knowledge is of little use
for designing improved vaccines, since immunologists do not know how to
stimulate the immune system to preferentially produce antibodies with slow
off-rates. For the same reason, X-ray crystallographic studies of complexes
between viral antigens and neutralizing monoclonal antibodies do not pro-
vide information that facilitates the design of new vaccines (Van Regenmortel
2002a). Knowledge of the structure-activity correlates in a neutralizing anti-
body combining site only gives insight into the structural complementarity
between one antigen binding site and a particular antibody. Such information
may be useful for improving the binding properties of a given recombinant
antibody intended for use in passive immunotherapy (Gauduin et al 1997).
However, the development of a vaccine requires a control over the immuno-
genicity of the antigen used for immunization, and immunogenicity depends
on the potentialities of the host being immunized. Parameters like the
immunoglobulin gene repertoire of the host and various cellular and regula-
tory mechanism which determine the type of antibodies that will be pro-
duced after vaccination cannot be controlled because one understands the
structural correlates of a single antigen-antibody interaction (Van Regen-
mortel 2001 b).

The immunogenic capacity of an antigen to induce neutralizing antibodies
that protect the organism against infection is a property that belongs to the
biological realm and which cannot be reduced to the chemical level of a spe-
cific recognition between the binding site of an antigen and a particular anti-
body. The structural analysis of a virus-antibody complex clarifies the nature
of the binding reaction with one neutralizing monoclonal antibody but it can-
not identify which vaccine immunogen will be able, in a biological context, to
induce antibodies that protect against disease. The development of new vac-
cines, which belongs to the biological discipline of immunology, will therefore
continue to be based on the empirical testing rather than on the so-called
rational design of vaccine candidates
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8 The Use of Protein-protein Interaction Networks
for Genome Wide Protein Function Comparisons and
Predictions

CHRISTINE BRUN, ANATS BAUDOT, ALAIN GUENOCHE
and BERNARD JACQ

Abstract

The concept of protein function is widely used by biologists. However, the
means of the concept and its understanding can vary largely depending on
the functional level under consideration (molecular, cellular, physiological,
etc.) Function is therefore a complex notion and the development of efficient
ways of representing function which can be computer-tractable is presently
the goal of many research efforts. Moreover, genomic studies and new high-
throughput methods of the post-genomic era provide the opportunity to shed
a new light on the concept of protein function. Among them, the analysis of
large protein-protein networks will permit the emergence of a more inte-
grated view of protein function.

In this context, we have proposed a new method for protein function com-
parison and classification which, unlike usual methods based on sequence
homology, permits the definition of functional classes of protein based
solely on the identity of their interacting partners, thus giving access for the
first time to function at the cellular level. This method, named PRODISTIN
for Protein Distance based on Interactions, has been first applied to the Sac-
charomyces cerevisiae interactome (proteome-wide protein—protein interac-
tions). An example of a classification/comparison is shown and discussed for
a subset of S. cerevisiae proteins, accounting for 10 % of its proteome (600
proteins). Functional classification trees have also been made for the Heli-
cobacter pylori proteome, confirming the generic aspect of the method. We
demonstrated that the method is robust (biologically and statistically) and
can be used to predict function for unknown proteins and groups of pro-
teins.

Finally, the potential use of protein-protein interaction data and of the
PRODISTIN method in structural biology projects is presented and dis-
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cussed. In the future, this method could also be potentially applied to other
types of networks such as transcriptional and genetic networks.

8.1 Introduction

It is now widely accepted that the elucidation of gene/protein function is the
next big challenge in biology after the determination of many complete
prokaryotic and eukaryotic genome sequences. Although it was anticipated
that comparisons of newly determined protein sequences with sequences of
proteins of known functions could rapidly help to decipher functions,
30-35% of encoded proteins per completely sequenced genome still have an
unknown predictable function [15]: each newly sequenced genome exhibits a
significant percentage of translated protein sequences which do not show any
or only a marginal sequence similarity with sequences already stored in data-
bases. In addition, it has to be emphasized that even when sequence similarity
is detected, the path to the function is not straightforward: many detected
similarities are found between putative proteins of unknown function. When
a search identifies a similarity with a protein domain of a known function,
this is only indicative of a general biochemical function, and is insufficient in
specifying a cellular function. Thus, in order to help elucidate protein func-
tion, two key factors fostered the need for new high-throughput technologies
and bioinformatic tools adapted to proteins: (i) the partial inability of
sequence comparison programs to help in protein function prediction as said
above and (ii) the fact that knowledge of the genome and of the transcriptome
are not sufficient to give comprehensive access to the functional proteome. As
a result, a shift of many research efforts from genomics to proteomics and
proteome bioinformatics has clearly been visible in the last two years.

Proteomics is the necessary complement of genomics and can be defined as
the study of proteins using high-throughput methods. It can be further
divided into structural proteomics (also misleadingly called structural
genomics), which is defined as the high-throughput study of protein struc-
tures, and functional proteomics, which is the study of protein function on a
large scale. Functional proteomics studies can be performed at different levels
of increasing integration, from the molecular level to the cellular and physio-
logical levels. Since high-throughput methods have allowed us to unravel the
composition of large protein complexes and to identify hundreds of pairs of
interacting proteins which have been developed, the study of protein-protein
interactions is becoming increasingly used to understand and describe pro-
tein function at the molecular level.

In this chapter, we will focus on the notion of protein function and on the
use of protein—protein interaction data to obtain a new, integrated view of
function. We will first discuss the notion of the function(s) of a protein and
the different possible ways which can be used to obtain a representation of a
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function in the computer. Then, molecular interactions will be described, with
a particular interest in protein-protein interactions. We will present our own
work, which grounded a method for functional classifications of proteins on
such interactions. Examples of such classifications will be described for dif-
ferent organisms and the potential uses of the method will be discussed.
Finally, the possible use of our method and of interaction data in the context
of structural biology will be introduced.

8.2 How Is Protein Function Defined and Represented?
8.2.1 The Problem of Function Description

The ultimate goal of many present biological studies is to decipher the function
of the thousands of genes (or actually of their products) that have been discov-
ered in newly sequenced genomes. But what does function exactly mean?
Although widely used in biology, the term gene function (or protein function) is
in fact very ambiguous. Textual descriptions such as tyrosine kinase protein,
intercellular junction protein or axon guidance protein all refer to protein func-
tion descriptions but uncover different functional levels: the first one describes
amolecular or biochemical function, the second one a cellular function and the
third one a functional role at a tissue level. There is no obvious or implicit link
between the above instances, which could be used either for different proteins
or also for a single biological entity: for instance, the functional features of the
Drosophila Abl gene product are correctly depicted with the aforementioned
terms. The notion of function therefore appears to be a complex one and the
fact that functional characterization of a protein has to be done at several lev-
els in order to obtain an integrated functional view is now largely recognized
(see [21] for a more complete discussion).

In order to be able to compare functions, reliable ways of describing func-
tions are needed. If description of function(s) for two proteins are available as
two sentences (or a short set of sentences) written in natural language, a
human scientist is able to capture subtleties in function description and to
make her/his opinion about the relatedness of the functions. However, what is
really needed now is an efficient way of describing functions which would be
computer-readable, especially if one wants to compare functions between sev-
eral hundreds of proteins.

A natural way to design such a computer-tractable way of describing a
function is language-based and could make use of either keywords, sentences
or hierarchical textual descriptions (ontologies). Ideally, a good protein func-
tion description system based on textual declarations should be able:

- to describe the function(s) of any protein whatever the biological organism
- to take into account different functional levels (biochemical, cellular, tissue,
organismal, ...) for the same protein
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- to handle different corresponding standardized controlled vocabularies
potentially usable for different species

- to allow more than one functional description within a given functional
level (multifunctional proteins)

- to take into account the dynamic or even conflicting nature of functional
knowledge. The function of many previously uncharacterized proteins is
now known, additional functions can be assessed to proteins of an already
known function, a wrongly assigned function for a given protein can be dis-
missed by newly obtained results and replaced by a new one and finally, there
could be potentially incompatible functions (based on conflicting results)

~ to allow simple (has A the same function as B?) or elaborated searches for
functional similarity (rank n proteins in decreasing functional similarity
order)

8.2.2 Attempts Towards Textual Descriptions of Function

Recently, different approaches have been proposed to tackle the problem of a

textual description of the term function:

- P.Karp [22] has discussed the concept of biological function diversity and
introduced the notions of local function and integrated function that he
applied essentially to prokaryotic organisms in the EcoCyc database [23].
In the above example, the biochemical function would be an instance of a
local function, whereas the cellular and tissular functions would be
instances of an integrated function.

- It has been proposed [21] that a description of the function could be
achieved in the context of a hierarchy of structural/organisational levels.
There are at least seven natural levels of increasing biological complexity
(Fig. 8.1, left column). Five of them correspond to observable biological
objects (molecules, subcellular organelles, cells, tissues, organisms) but two
levels are not directly observable (the molecular network level and the
inter-organism level) they need specific representation tools. At each struc-
tural/organisational level there is a corresponding functional level (Fig. 8.1,
right column). For instance, molecular functions are described in terms of
molecular reactions, cellular function as a protein’s role in a cellular
process, and so on. Although this seven-level description system is not
presently implemented in any database, it should be noted that recognizing
the importance of function description in such a double hierarchical sys-
tem has two key advantages: (1) these levels represent different traditional
biological disciplines (biochemistry, cellular biology, developmental genet-
ics, physiology,anatomy, ....) for which specific descriptive vocabularies do
exist. Ignoring some of these levels or trying to fuse some of them into an
artificial single level is likely to produce inconsistencies or errors; (2) we
are totally ignorant of the biological laws permitting an inference of knowl-



Chap. 8 From Interaction Networks to Protein Function 107

Fig. 8.1. Biological organization and functional levels

edge from a structural or functional level to the upper one: a classic exam-
ple is to try predicting a cellular or an organismal phenotype from a mole-
cular defect in a gene (filling in the genotype-phenotype gap), which is
nearly impossible. In this context, we think that a precise description of
each existing level in structural and functional terms could greatly help the
understanding of the transition laws between biological levels.

Different hierarchical descriptive representation of functions (ontologies)
have been developed, the oldest one probably being the Enzyme Commis-
sion’s (EC) descriptive numbering system. More recent developments are the
MIPS Functional Classification Catalogue [29] and the Gene Ontology (GO)
classifications [1]. The GO Consortium aims at ‘producing a dynamic con-
trolled vocabulary that can be applied to all organisms, even as knowledge of
gene and protein roles in cells is accumulating and changing’. Towards this
end, the Consortium has developed three independent ontologies (the molec-
ular function, biological process and cellular component ontologies), based on
biological knowledge accumulated for several organisms. Using GO, a protein
can be functionally described with a hierarchy of terms at three different lev-
els and the more two proteins share identical descriptions (starting from the
root term), the more they are functionally related.
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8.2.3 Present Limitations of Functional Descriptions and New Research
Directions

Such textual descriptions of functions, even the most elaborate ones like GO,
have their own intrinsic limitations. At the moment, the three different
ontologies developed by the GO consortium are insufficient in fully describ-
ing functions corresponding to the seven existing structural/organisational
levels (see above). Also, when proteins are multifunctional (more than one
molecular function, involvement in multiple pathways), taking into account
several different GO terms in three different hierarchies is not straightfor-
ward for comparison purposes. Recent bioinformatic work, such as the devel-
opment of function grids [25], represents an interesting example of ongoing
efforts to integrate many different aspects of protein function with textual
descriptions.

There are other aspects of protein function which are simply not consid-
ered by existing ontologies. The first one, which is discussed in more detail
below, is that proteins do not perform their function in isolation but interact
with others, either sequentially during their cellular life or also simultane-
ously, as part of large protein complexes. A second aspect is that, for a given
protein, variations in post-translational modification status (nature of post-
translational adducts, number and location of modified residues) can have
profound consequences on function. Finally, the spatio-temporal regulation
of gene expression is another important functional variable since, for
instance, two closely structurally-related proteins such as the products of
recently duplicated genes can be expressed in different tissues leading to spe-
cific sub-functionalizations.

At this stage, a general comment can be made. A recurrent flaw in all textual
approaches described above is that they are totally dependant on human
annotations, which could contain a certain amount of subjectivity. It would be
extremely interesting to develop new approaches of function description
which rely essentially on primary and not secondary, annotated data. A good
example of primary data are protein sequences, since the majority of existing
sequence analysis and comparison software works on linear sequences of
amino-acids represented by letters. However, we have already stressed in the
introduction that using sequences for functional purposes has intrinsic limi-
tations. In the following two passages, we will discuss another type of primary
datum which seems more appropriate than sequences for functional descrip-
tion and clustering.
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8.3 A Protein Network-Based Approach of the Study of
Function

8.3.1 Molecular Interactions and Genetic Networks

We discussed above the advantages of describing protein function in the con-
text of a hierarchy of structural and functional levels. In such a view, a new
level, that of gene and protein regulatory networks, is increasingly being rec-
ognized as essential for understanding gene function: after thirty years of
experimental reductionism, where genes and proteins had been mostly con-
sidered as individual functioning units, functional genomics approaches
(micro-arrays, two-hybrid screens, large-scale isolation of protein com-
plexes...) have shown that genes behave as group sharing a common type of
regulation or whose products share common protein interactors. Complex
pictures of networks of genes or proteins are emerging and this new concep-
tual frame is likely to have profound implications in biology in the future. A
genetic network can tentatively be defined as a biological unit composed of
two entity types: a group of molecular objects (genes and/or proteins, RNAs)
and the functional links established between them. The links usually repre-
sent direct molecular interactions between biological objects but could also
represent indirect ones, like genetic interactions. The latter identify function-
ally linked genes/proteins located in the same pathway or complex, but which
do not necessarily interact physically. Direct physical interactions involving
DNA, RNA and proteins, play an essential role in all known biological
processes. Until recently, three major types of interactions between these
components have accounted for the great majority of known biological
macromolecular interactions: the protein-DNA, protein-RNA and protein-
protein interactions. Recent reports (see for instance [18,36] for reviews) have
shown that RNA-RNA interactions are also playing an essential role in bio-
logical regulation, adding a fourth interaction family to the interaction uni-
verse. As will be exemplified below, interaction biology is growing at a rapid
pace and the word ‘interactome’ has been coined to describe the complete set
of molecular and genetic interactions occurring within a cell or an organism
[34]. Whatever their molecular type, direct interactions between individual
molecules then form complex genetic networks which are able to respond to
both external stimuli and stresses, as well as to internal changes occurring
within the network. A genetic network can be considered as a kind of molec-
ular nervous system since it has a functional role at the level of a cell analo-
gous to that of a nervous system at the level of an organism (although the for-
mer is not physically observable, in contrary to a network of neurons). Being
able to formally describe interactions and networks, and to query and manip-
ulate them is now largely recognized as essential in the study of gene regula-
tion and function.
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8.3.2 Protein-Protein Interaction Data Acquisition, Protein Interaction
Databases and Maps

The first step in the study of genetic networks is to obtain experimental data
on interactions between specific proteins, genes and RNAs, and then gather
and manage lists of functional interactions. Below, we will concentrate on pro-
tein-protein interaction data since only these data were further used to
develop a method for functional clustering of proteins. Classical biochemical
(affinity chromatography, immunoprecipitation, protein-protein cross-link-
ing, two-hybrid, ...) and biophysical (analytical ultracentifugation, spec-
troscopy, crystallography, ...) methods have long been used to identify and
characterize protein-protein interactions. Although very useful, these meth-
ods were able to identify only a relatively small number (several hundreds) of
specific protein-protein interactions over more than 20 years. In recent years,
we have seen the successful development of high-throughput methodologies
capable of producing protein-protein interaction data on the proteome scale.
Such technologies include high-throughput two-hybrid screens, mass spec-
trometry analyses of protein complexes and protein microarrays (see [11, 26,
42] for recent reviews). Using these techniques, several thousands of specific
interactions have been identified for a few model organisms in less than five
years (for review [35, 40]). In order to store and query the rapidly increasing
amount of data on protein-protein interactions, several databases have
recently been developed throughout the world. Figure 8.2 lists some of the
major ones. Bioinformatic softwares also have been developed for visualiza-
tion and analysis of interaction network data (see for instance [3, 14, 24]).

8.3.3 Protein Networks Studies Allow Us to Revisit the Notion of
Function

We are only at the very beginning of interactomics biology and major chal-
lenges are ahead. One of them is being able to collect large, representative pro-
tein—protein interaction lists for several organisms. In addition to the neces-
sity to perform new, proteome-wide interaction screens, an urgent task is also
to collect published interactions, this can be difficult since a large proportion
of interaction data are not yet present in databases and can be found in scien-
tific literature only. Developing powerful tools to extract specific scientific
information from texts (exploring the “textome”) will be a helpful strategy in
database development and annotations, this is now an active bioinformatic
research domain (reviewed in [3]). At the moment, we do not have a precise
idea of the number of existing functional interactions either at the level of
individual proteins or of the whole proteome. Although the yeast Saccha-
romyces cerevisiae is currently the organism for which the deciphering of the
interactome is the most complete [16, 19,20,43],a large amount of proteins do
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not have any known protein interactor(s) yet. From the numerous proteins for
which interaction data are available, there seems to exist a great variation in
the number of interactors: browsing databases such as DIP or BIND (Fig. 8.2)
shows examples of proteins with more than twenty identified partners and
many others with only one or two. However, a major difficulty is to assess if
this variation is real or partly reflects the incompleteness of our present
knowledge, as some proteins have been studied in far more detail than others.
At the proteome level, it seems clear that the number of interactions in a cell
largely exceeds the number of proteins. Minimal estimations of the number of
protein-protein interactions in yeast, based on two-hybrid screens, are in the
range of 10,000 to 36,000 for approximately 6,300 proteins [21, 39]. If addi-
tional factors which increase the protein diversity (alternative splicing, post-
translational modifications) are taken into account, interactions could easily
attain the million range in a representative metazoan like Drosophila. More
realistic evaluations of the size of the protein-protein interactome will have to
wait for a correct determination of the number of partners for a set of repre-
sentative proteins in different functional classes.

Another important challenge, beyond the scope of this chapter, will be to be
able to take into account the dynamic nature of interactions and regulatory
networks: the development of mathematical models for the simulation and
prediction of network behaviour dynamics (see for instance [9] for a review)
as well as experimental engineering of small model networks in bacteria and
eukaryotes are highly desirable goals.

Finally, it is important to realize that the knowledge of interactions is likely
to shed a new light on protein function. The classical view of protein function
is defined at the level of the action of a single protein molecule (its binding to
another molecule or the catalysis of a given reaction). The present knowledge
that the same protein possesses several interaction partners now allows us to
‘zoom out’ and give an enlarged view of protein function, in which a protein is
seen as an element of a network of interacting partners. We will show in the
following sections that such a new vision can be exploited in such a way to
classify proteins from a functional point of view.

8.4 Functional Clustering of Proteins Based on Interactions
8.4.1 Principle

As soon as the first protein sequences became available, biologists tried to
compare them using alignment methods and progressively introduced useful
measures for this purpose (identity and similarity percentages, z-scores, Blast
scores, ....). Also, at the secondary and tertiary structure level, methods were
devised to compare protein structures. Very often, sequence and structural
comparisons are used to infer functional relationships between proteins.
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Although inferring function from structural comparisons can lead to useful
and testable hypotheses, it remains a risky exercise, which could lead to wrong
conclusions [10]. More recently, computational methods relying upon
genome organization have been developed such as the domain fusion method
which establishes that two proteins from a given organism are functionally
related when they exist as a single fused polypeptide in another proteome [13,
27]. The fact that genes repeatedly found as neighbors on chromosomes in
different organisms may encode functionally related proteins was also used to
ground a method [8, 30,40] as well as the phylogenetic co-inheritance of pro-
teins in several proteomes which may suggest their functional link [31].
Although these methods and their combinations [28] were use to predict the
function of a number of proteins, they still suffer from limitations essentially
related to the fact that they work better when applied to completely sequenced
genomes and they are more appropriate to prokaryotic genome organization
compared to the eukaryotic one. In addition to this, they are only valid for a
small number of proteins.

In this context, we have recently proposed to use protein-protein interac-
tions data to derive a measure of functional proximity for proteins and to be
able to make a functional clustering just as sequence clustering allows to
make phylogenetic trees [5, 21}. The central idea in interaction-based func-
tional clustering is not to compare proteins themselves but instead to com-
pare the list of their partners and assume that the more two proteins share
interacting partners, the more they should be functionally related. Let us for
instance consider three proteins A, B, C, each of them establishing 30 specific
interactions (experimentally determined) with other protein partners. If A
and C, B and C and A and B have respectively 25, 13 and 2 common interac-
tors, it seems intuitively reasonable to conclude that A and C are highly func-
tionally related, that B and C share at least some functions and that A and B
are probably not functionally (or only marginally) related. The feasibility of
this idea was first tested on a small set of protein-protein interactions from
Saccharomyces cerevisiae (14 different proteins and their 47 interactors). The
results of two-dimensional matrices (where the 14 proteins were on vertical
lines, interactors on horizontal lines and interacting pairs plotted at inter-
sections) indicated that proteins with common interaction partners tend to
exhibit a common pattern and further examination of proteins with similar
patterns then showed that they correspond to proteins with related func-
tions [21].

These encouraging results prompted us to develop a more general method
[4, 5], which allows the calculation of a functional distance. Such a distance
should provide a direct measurement of the functional relationships between
proteins, independently of their primary sequence similarity. A functional
relationship could mean either that proteins are involved in the same biologi-
cal process or that they share common functional features (molecular or cel-
lular function, belonging to the same functional family, etc.). We first calculate
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a distance on a set of proteins that share common interactors. Then, using
only the distance values, we build classes of proteins. Relevant proteins to be
clustered are defined as having at least p interactions (p >1), the other pro-
teins being there only to measure distance values. From all possible pairs of
distances, a neighbor-joining algorithm is then applied which finds related
proteins and finally the results of the clustering method are displayed as a
tree.

8.4.2 Functional Classification of 10% of the Yeast Proteome

We computed 4,794 protein-protein interactions involving 2,139 proteins of
Saccharomyces cerevisiae (38% of the proteome) with PRODISTIN. The
dataset we used was only composed with direct protein-protein interactions
extracted from different sources (the MIPS database [29] for two-hybrid
excluding high-throughput experiments, in vitro binding, far western, gel
retardation, and biochemical experiments, and the core data from Uetz et al.
[43] and Ito et al. [20] for high-throughput two-hybrid experiments.

A classification tree containing 602 proteins was built. The grouping of pro-
teins resulting from the tree computation was further analyzed and the clus-
ters found were annotated using the functional keywords from the Yeast Pro-
teome Database [7]. More than 40 clusters of proteins were detected (Fig. 8.3)
and it appears that proteins are grouped within the tree according to their cel-
lular function: proteins composing a multiprotein complex, involved in the
same pathway or more broadly, in the same biological process, belong to the
same cluster. Therefore, the PRODISTIN method is able to functionally clas-
sify proteins according to their cellular function solely from interaction data
and independently from sequence and structure information. The founda-
tions of the PRODISTIN clustering were further investigated first, by showing
with a refined analysis of the keywords distribution within the tree, that the
PRODISTIN method cluster proteins according to their cellular function
more efficiently than their biochemical function. Secondly, by demonstrating
that the clustering of the 602 proteins according to their sequence similarity is
drastically different than the PRODISTIN one (Brun et al., submitted). Finally,
the robustness of the method was looked into by defining a class robustness
index (CRI) based on the topology of the subtrees and by studying the evolu-
tion of this parameter in trees built with interactions of decreasing biological
confidence (Brun et al., submitted). The correlation observed between the CRI
calculated values and the biological confidence of the interactions used
endorsed the robustness of PRODISTIN.
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Fig. 8.3. A functional tree for 602 yeast proteins. TreeDyn (http://viradium.mpl.ird.fr/
treedyn/) was used to represent the computed classification. Relevant clusters and sub-
trees are annotated in the margin for their cellular function
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8.4.3 The Different Types of Functional Clusters

The detailed analysis of yeast clusters reveals the grouping of proteins known
to participate in the same multiprotein complex. For instance, the GIM com-
plex promotes the formation of functional a- and y-tubulin [17]. All chaper-
ones members of this complex which are present in the tree, form a subtree
devoted to cell structure and protein folding (Fig. 8.4a). Similarly, members of
pathways are also found clustered in the tree. The MAP kinase cascades regu-
lating mating response and filamentous growth share components [12]. Some
of them are found grouped in the same subtree (the MAPKKK STE11, the
MAPKK STE7 and the MAPK FUS3 and KSS1) as well as STES5, the scaffold
protein upon which the protein kinases can be assembled and be efficiently
activated (Fig. 8.4b). In addition, STE50, a regulator of STE11 activity [45] and
STEI12, a transcription factor activated by FUS3 and acting downstream from
the cascades to mediate the mating-pheromone induction of genes involved
in the mating response also participate to the cluster. Finally, DIG1 and DIG2,
two repressors of the mating and filamentous growth responses acting
through a direct inhibition of STE12 [41], and MPT5, a protein involved in
recovery from pheromone arrest [46] are also found in this cluster. Interest-
ingly, PST2, a protein uncharacterized so far, belongs to this group of proteins
all involved in mating-type responses and differentiation. Consequently, it is
tempting to speculate that PST2 also participates in these processes. There-
fore, the PRODISTIN classification provides a new means to predict a cellular
function for a protein of unknown function, based on the cellular function of
the proteins belonging to the same cluster. Based on this idea, we have been
able to propose a function for 33/93 unknown proteins present in the tree
(Brun et al., submitted).

a b
STES0

STELl

PAC10 STE7

GIM4 STES
KSsl
GIM3
FUS3
GIMS
DIG2
YKE2
DIGL

STEL12

MPT5

Fig.8.4. a Detail of the cell structure/protein folding subtree. b Detail of the signal trans-
duction subtree
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8.4.4 Application to Another Proteome: Helicobacter pylori

Since the PRODISTIN method relies only on the availability of lists of pairs of
protein interactors, it should work for any organism for which such data are
available. In order to verify that this was indeed the case, we performed
PRODISTIN analyses on another organism, the prokaryote, Helicobacter
pylori.

When 631 protein-protein interactions involving 518 proteins from Heli-
cobacter pylori [33] were processed with PRODISTIN, a tree containing 133
proteins was obtained (Fig. 8.5). Here again, as shown above for the yeast tree,
the PRODISTIN classification is able to group proteins known to be involved
in the same process and also permits to assign functions to uncharacterized

Membrane trafficking

Helicobacter pylori tree and transport subtree

Fig.8.5. A functional tree for 133 Helicobacter pylori proteins and a focus on the mem-
brane trafficking and transport subtree. Branches carrying proteins involved in this
process are grey. Black branches carry proteins of unknown cellular function
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proteins. This is particularly well illustrated by the case of the Helicobacter
pylori proteins known to be involved in various membrane trafficking and
transport: the vast majority of the classified proteins involved in these
processes (13/17, 76 %) are found grouped in a single subtree containing 23
proteins, further confirming that PRODISTIN clusters have a common cellu-
lar function. In addition, the nine remaining proteins of the subtree (except
for one) are as yet uncharacterized and may also be involved in membrane
trafficking and transport.

In short, we have shown that interaction data with a very simple structure
(lists of pairs of interactors) can indeed be used to derive an elaborated func-
tional knowledge, i.e. a functional classification for a significant part of a
given proteome. Using the two organisms described above, we have not only
been able to propose classifications, which are totally consistent with our pre-
sent knowledge but also allow us to make functional predictions. Further-
more, additional bioinformatic analyses have also been performed (Brun et
al., submitted), allowing us to assess the statistical significance of our results.

8.5 Protein-Protein Interactions and Structural Biology

In the previous parts of this chapter, we mainly insisted on the functional
aspects of interactions. Our main point has been that the use of the structure
of protein-protein interaction networks now allows one to obtain a functional
view of many individual proteins at the cellular level, even though interaction
data at the molecular level were used as the sole source of information. We will
now consider interactions from a different point of view, which is that high-
throughput interaction data can also be used to acquire new knowledge on
interaction specificity at the molecular/structural level.

When considered individually, protein three-dimensional structures are
generally not informative about the biochemical function(s) performed by
proteins. Another level of information is needed, since protein-protein inter-
actions and formation of specific complexes are essential for the functioning
of all cell types. When proteins interact to form a complex, the specificity of
the interaction depends on the physico-chemical properties of the interface
formed by the amino-acids present at the two protein surfaces coming into
contact. Protein-protein interaction sites can be very variable in terms of
geometry, the chemical nature of the amino-acids at the interface and the
number of patches forming the interacting surface [6]. Recent progress has
been made with the use of docking methods to predict protein-protein inter-
actions, provided that the 3D structures of partners already known to interact
are available [37]. Despite this, it is still impossible to predict whether or not
two proteins will specifically interact, even when their three-dimensional
structures are known. Clearly, more work has to be done in different direc-
tions to reach such a long-term goal:



Chap. 8 From Interaction Networks to Protein Function 119

- The first direction to work in is to determine many more three-dimen-
sional structures in particular that of more individual proteins from model
organisms and more importantly, that of a significant number of protein
complexes, since the atomic coordinates of multimolecular assemblies are
presently under-represented in PDB, the repository of 3D-macromolecular
structures [6]. This would permit a statistically significant analysis of pro-
tein interfaces, hopefully leading to a better understanding of protein-pro-
tein recognition sites.

— At the post-genomic level, more data pertinent to protein-protein interac-
tions have also to be collected. As already discussed, new screens with pow-
erful methods such as high-throughput two-hybrids are needed to obtain
more comprehensive lists of interaction pairs in several model organisms.
Also, an increased use of recent methods such as TAP-TAG [32] will permit
purification and characterize several hundreds of large protein complexes.

- Making better use of these two data types (structures, post-genomic data,
either individually or in combination) in new structural bioinformatic
approaches can be valuable. Interacting pairs could be systematically used
in docking approaches, provided that structures of partners or those of
homologues are available [37]. Another potentially interesting approach is
provided by the search for correlated sequence signatures in interacting
protein pairs [38]: it has been shown in the yeast Saccharomyces cerevisiae
by using a statistical analysis performed on all possible combinations of
sequence-signature pairs that some are over-represented in a database of
yeast interacting proteins and that this could represent a basis for interac-
tion prediction.

Finally, our PRODISTIN method can potentially be used for structural pur-
poses. For instance, it is tempting to propose that a classification of protein
domains and their combinations according to cellular functions can be
derived from the functional classification of proteins. Indeed, a preliminary
analysis showed that proteins containing a RRM motif, a probable diagnostic
of RNA binding proteins, all localize in the same part of the tree (Fig. 8.6a).
When the cellular function of these proteins is investigated, they are essen-
tially involved in RNA processing/modification (Fig. 8.6b). Furthermore, it
appears that proteins containing an RRM motif are involved in RNA splicing
(Fig. 8.6 c) but excluded from the RNA decay process (Fig. 8.6d). Therefore,
such analysis may provide a new tool to investigate the distribution of protein
domains and their combination in the light of cellular function rather than
the usual biochemical aspect.
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a b

Fig. 8.6. a Branches carrying a protein containing a RRM domain are in grey. b Black
branches carry proteins involved in RNA processing/modification, ¢ RNA splicing;
d RNA turnover

8.6 Conclusion

Whatever the living organism under consideration is (prokaryote or eukary-
ote), molecular biologists have worked until recently using essentially a gene-
by-gene (or protein-by-protein) approach. Although many different experi-
mental results were often obtained on the same organisms, the same tissue
and with the same experimental conditions, they were quite difficult to put
together, as if different people worked on isolated pieces of a giant jigsaw puz-
zle. We advocated that studying the protein function within the new concep-
tual frame represented by networks of interacting molecules could help to put
the pieces together and obtain an integrated view of the biological phenome-
non under scrutiny.

In this context, we developed the PRODISTIN method which uses pro-
tein-protein interaction data (lists of interacting pairs) to propose functional
classifications of proteins. Although our results are still preliminary, the
method appears promising in revealing functional resemblances which can-
not be detected by sequence comparison programs (Brun et al., submitted). It
is presently limited by the amount of interaction data available, but will be
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more and more useful as data from systematic interaction screens (such as
large-scale two-hybrid screens) will be obtained. The method is generic since
it could be applied to any type of protein in any organism, as soon as corre-
sponding experimental interaction data are available. Furthermore, it is not
limited to a given type of interaction, and although we only applied it to pro-
tein-protein interactions so far, it could potentially be used with other inter-
action types such as protein-DNA and genetic interactions. Moreover, its use
for functional evolutionary comparisons between different organisms can be
foreseen, provided that lists of orthologous proteins and their interacting
partners become available. In this respect, we recently initiated a study of the
Drosophila and the human proteome using PRODISTIN (C. Brun, A. Baudot
and B. Jacq, unpubl.). Finally, we also discussed the potential use of different
types of interaction data for structural biological purposes, including the
long-term goal of interaction predictions from individual protein 3D struc-
tures.

Genome projects have now shown that there is no striking differences in
the number of genes between organisms with very different organizational
complexities: Drosophila has only two to three times more genes than the uni-
cellular yeast and seems to have less genes than the nematode, although its
anatomy and behavior are far more complex. Clearly, the absolute number of
genes does not seem to be an essential determinant of biological complexity.
Rather, it could be that the number of interactions between genes and the
structure of the regulatory network that they establish plays a more important
role. Studying functional relationships at the entire proteome level (interac-
tomics) is a new frontier in the post-genome era. These studies should assist
in making important progress in the understanding of protein function
throughout evolution.
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9 Probing Ribosomal Proteins Capable of Interacting
with Polyamines

DimiTriOSs L. KALPAXIS, MARIA A. XAPLANTERI, [OANNIS AMARANTOS,
FotiNI LEONTIADOU and THEODORA CHOLI-PAPADOPOULOU

9.1 Introduction

The ribosome decodes the genetic information, controls the fidelity of
codon-anticodon interactions, and catalyzes the peptide bond formation.
However, none of these functional properties can be detected in free rRNAs,
because ribosomal proteins and ions are required for the attainment of the
rRNA proper tertiary structure (Burma et al. 1985). Despite the fact that the
binding sites of ribosomal proteins in rRNA are well characterized, our
understanding of the ionic environment role in protein-rRNA interactions is
still rudimentary, and few exceptions have emerged regarding the role of
monovalent and divalent ions (Batey and Williamson 1998, Agalarov et al.
2000, Xing and Draper 1995, Conn et al. 1999, Drygin and Zimmermann
2000).

Polyamines constitute an essential component of the ribosomal ionic envi-
ronment. Although there has been a significant effort made to understand the
polyamine action on tRNA positioning to ribosomes and on the regulation of
translation process (Agrawal et al. 1999, Cohen 1998), little information is
available concerning the contacts between polyamines and ribosomal con-
stituents. Ribosomal proteins, capable of interacting with polyamines, were
first characterized by a fixation of polyamines to ribosomes or ribosomal
subunits with homobifunctional cross-linkers (Stevens and Pascoe 1972,
Bernabeu et al. 1978, Kakegawa et al. 1986). More recently, photoreactive sper-
mine analogues have been used for labelling proteins in Escherichia coli func-
tional ribosomal complexes (Amarantos et al. 2001). The following sections
provide a guide to various difficulties and pitfalls related to such experiments
and, also, to the type of structural and functional information that can be
obtained from them.

Principles and Practice

Methods in Proteome and Protein Analysis
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9.2 Fixation of Polyamines to Ribosomal Proteins with
Homobifunctional Cross-Linkers

To date, two methods have been applied to fix polyamines to proteins in E. coli
ribosomes, both employing homobifunctional cross-linkers: (1) cross-linking
of [“C]spermine to ribosomes or ribosomal subunits with 1,5-difluoro-2,4-
dinitrobenzene (Stevens and Pascoe 1972, Bernabeu et al. 1978, Kakegawa et
al. 1986); (2) fixation of [*C]spermine to ribosomal subunits with dimethyl
suberimidate (Kakegawa et al. 1986). Table 9.1 lists the ribosomal proteins
predominantly cross-linked to spermine. Although the extent of spermidine
cross-linking was less than that of spermine, the species of ribosomal proteins
attached to spermidine were more numerous than those reacting with sper-
mine (Kakegawa et al. 1986).

It should be emphasized that the results reported by Bernabeu et al. (1978)
differ from those obtained by Kakegawa et al. (1986), although both research
groups used the same cross-linker. This discrepancy has been attributed to
differences in the ionic conditions followed during the original binding and
cross-linking step, in the concentration of cross-linker, and in the experimen-

Table 9.1 Ribosomal proteins from Escherichia coli cells, interacting with polyamines

Method Primary labelled Primary labelled

proteins in the small
ribosomal unit

proteins in the large
ribosomal subunit

Cross-linking of (“C)spermine to ribo- 84, S5, 89,518, S19,
somes with 1,5 difluoro-2,4-dinitro- S20
benzene (Bernabeau et al. 1978)

Cross-linking of (1C)spermine to ribo-  $3, S8, S9
somal subunits with 1,5-difluoro-2,4-

2,4-dinitrobenzene (Kagegawa et al. 1978)

Cross-linking of (*C)spermine to S1, 83,54, 85,87, S8,

ribosomal subunits with dimethyl- 89,815
suberimidate (Kagegawa et al. 1978)
Photolabeling of complex C with ABA-  S3,$4

(*C)spermine, upon stimulatory
conditions (Amarantos et al. 2001)

Photolabelling of complex C with ABA-
(1*C)spermine, upon inhibitory
conditions (Amarantos et al. 2001)

§3, 54, 55,859,518

L2,L6,L13,L14,L16,
L17,L18,L19,L22,
L27

L1,L2,L3,L5,L6,
L13,118,124,127

L1,L2,L3,L6,L18,
L24

12,13,L4,L6,L15,
L17,L18

L19,L22,L27

For each method, an appropriate literature reference is given in parentheses. Abbrevia-
tions: complex C, AcPhe-tRNAepoly(U)e70S-ribosome; ABA-(*C)spermine, N'azi-
dobenzamidino(!*C)spermine
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tal protocol used for the identification of labelled proteins (Kakegawa et al.
1986). Nevertheless, several limitations appear in both approaches and may
lead to artificial results. For instance, the use of homobifunctional cross-link-
ers can cause protein-protein or protein-rRNA cross-linking, which may con-
sequently lead to loss or inaccurate characterization of the labelled proteins.
Moreover, both cross-linkers are amine-reactive reagents, and the pattern of
protein labelling depends on whether amino-groups are available in the
neighborhood of the polyamine binding site.

9.3 Labelling of Ribosomal Proteins with Photoreactive
Spermine Analogues

The application of photoaffinity labelling techniques has been successfully
used to map polyamine binding sites in several target molecules or cellular
organelles, such as membrane transporters (Felschow et al. 1997), nucleo-
somes (Clark et al. 1991), and enzymes (Leroy et al. 1995). Recently, we syn-
thesized two photoreactive analogues of spermine (Fig. 9.1), azidobenza-
midino (ABA)-spermine and azidonitrobenzoyl (ANB)-spermine, by linking
an arylazido group at one of the terminal amino groups of spermine, and we
used them for mapping polyamine binding sites in AcPhe-tRNA (free or
bound at the P-site of E. coli poly(U)-programmed ribosomes) (Amarantos et
al. 2000), in 16S rRNA (free or complexed with ribosomal proteins) (Amaran-
tos et al. 2002), and in ribosomal proteins from E. coli cells (Amarantos et al.
2001). In the ANB-derivative, one of the spermine charges has been removed,
resulting in a compound resembling N'-acetylspermine or spermidine. In
contrast, ABA-spermine preserves a charge in the vicinity of the nearest
amino group, more closely resembling the parent compound, spermine.
Despite the modification of the spermine molecule by the arylazido group,
several tests demonstrated that both photoprobes retain almost all biochemi-
cal properties of polyamines (Amarantos et al. 2001). Due to this structural
and functional similarity, each of these analogues binds specifically and
reversibly to the ribosome in the dark, just like the parent compound. When
the photoreactive ligand meets its partner, a further treatment by irradiation
with mild UV light induces the formation of constant covalent bonds between
the azido group of the analogue and whatever lies adjacently to the target
molecule.

The use of ABA- or ANB-spermine for labelling ribosomal proteins appears
to have several advantages, compared with the fixation of polyamines to ribo-
somes with homobifunctional cross-linkers. Firstly, the azido group, after
activation by irradiation, reacts easily with a variety of chemical groups in
proteins or rRNA (Peters and Richards 1977). Secondly, the photolabelling
procedure ensures the specificity of polyamine binding and, importantly,
does not require vigorous conditions that may destroy the functional confor-
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mation of the target molecule. It is relevant to mention that the incorporation
of photoprobes into ribosome, is inhibited when the spermine present is in
excess during photolabelling (Amarantos et al. 2001). Thirdly, the monofunc-
tional character of ABA- and ANB-spermine does not promote protein-pro-
tein or protein-rRNA cross-linking, which may lead to loss or ambiguities in
protein identification. However, more importantly of all is the preservation of
ribosomal functional properties after attachment of photoprobes to ribo-
somes. The studies using homobifunctional cross-linkers do not provide evi-
dence that the biological activity of ribosome remains unaffected by the cova-
lent binding of labelling. Experimental procedures concerning the synthesis
of photoprobes and the photolabelling of ribosomes are described by Ama-
rantos et al. (2000, 2001, 2002), together with a series of control tests and
methods for purification of the photolabelled product. Representative results
concerning the photolabelling of an initiation ternary ribosomal complex
(AcPhe-tRNA-poly(U) -70S-ribosome, complex C) by ABA-spermine, are
given in Table 9.1.

9.4 Functional Implications and Perspectives

By comparing the pattern of ribosomal proteins cross-linked to [!“C]sper-
mine with homobifunctional reagents or labelled by ABA-spermine (Table
9.1),it is obvious that in general the patterns do not resemble each other. This
is likely due to differences in the experimental approach for ligand incorpora-
tion. In addition, differences in the nature of the target molecule (ribosomal
subunits vs. ribosomal complexes) or in the ionic conditions used during the
original binding and the subsequent cross-linking of ligand to the target mol-
ecule (10 mM Mg?* vs. 6 mM Mg?*), may have influenced the results. For
instance, two interface proteins (Clemons et al. 1999, Schluenzen et al. 2000,
Ban et al. 2000, Gabashvili et al. 2000), S7 and L5, are labelled when ribosomal
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subunits, not complex C, are used. The association of ribosomal subunits in
complex C probably lowers the accessibility of these proteins. Protein S9, is
also labelled by ABA-spermine only under inhibitory conditions for the pep-
tidyltransferase activity, but it is always present in the pattern of labelled pro-
teins found by Bernabeu et al. (1978) or by Kakegawa et al. (1986). However,
this discrepancy is consistent with the observation that the ionic conditions
and spermine concentrations used by the latter investigators favor the
inhibitory effect of spermine (Kalpaxis and Drainas 1993). Nevertheless, S3
and S$4 are the most strongly labelled proteins in the small ribosomal subunit,
independent of whether incorporation of polyamines into the target molecule
is carried out under stimulatory or inhibitory conditions for the peptidyl-
transferase activity. These proteins are implicated in important ribosomal
functions (Cohen, 1998), such as aminoacyl-tRNA binding to ribosomes and
translocation (S3 and S4), ribosomal accuracy (S4), and peptide chain termi-
nation (S4). It is also very interesting that upon conditions promoting high
activity on peptidyltransferase, the predominantly labelled proteins in the
large ribosomal subunit are those topographically adjacent to the catalytic
center of ribosome (Hampl et al. 1981, Nissen et al. 2000, Bischof et al. 1995).
This observation suggests that a preferential binding of polyamines to spe-
cific ribosomal proteins around the catalytic center has a beneficial effect on
the catalytic properties of ribosomal complex. Bound polyamines probably
affect the conformation of these proteins, which in turn influences the con-
formation of rRNA residues involved in catalysis. Alternatively, bound
polyamines may provide the active center with an amino group of neutral pK
that participates in the mechanism of peptide bond formation. To further
investigate this finding, Glu56 of protein L4, a candidate for the binding of
spermine, was replaced by aspartic acid or alanine. The distance between this
amino-acid residue and the catalytic center is about 21.8 A (Nissen et al.
2000), which is equal to the length of spermine chain. We found that replace-
ment of Glu56 by aspartic acid marginally affects the peptidyltransferase
activity, while ribosomes that possess this mutated protein are susceptible to
modulation by spermine. In contrast, replacement of Glu56 by alanine results
in a dramatic decrease of peptidyltransferase activity, not capable of improve-
ment by the addition of spermine in the in vitro protein-synthesizing system
(unpubl. results).

The pace, at which the structures of ribosomal proteins have been solved,
has picked up dramatically. The use of high-speed computers along with the
application of crystallography and NMR analysis, has enabled fast determina-
tion of the three-dimensional structures (Arnez and Gavarelli 1997, De Guz-
man et al. 1998, Ramakrishnan et al. 1995). However, much remains to be clar-
ified, concerning the determinants of protein-rRNA interactions. Recent
studies revealed that the binding of ribosomal proteins to rRNA occurs via a
diverse subset of interactions (Draper and Reynaldo 1999, Zimmermann et al.
2000, Nakashima et al. 2001). In some cases, it has been suggested that these
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interactions may be directly mediated by divalent cations and polyamines
(Batey and Williamson 1998, Agalarov et al., 2000, Xing and Draper 1995,
Conn et al., 1999, Drygin and Zimmermann, 2000). On the other hand, the
ionic environment can influence the overall shape or fold of the interacting
macromolecules and, therefore, may modulate the conformation of the dim-
mer interface. Further investigation of the role of the ionic environment on
the protein-rRNA recognition will likely lead to the identification of new
rRNA binding strategies for ribosomal proteins, and this should offer an
interpretation of the polyamine effects on protein synthesis. Obviously, the
application of photolabelling techniques in combination with sophisticated
structural analysis will be a useful tool in this effort.
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10 Applications of Optical Biosensors to Structure-
Function Studies on the EGF/EGF Receptor System
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HALL, ANTONY W. BURGESS, THOMAS P.]. GARRETT, NEIL M. MCKERN
and CoLiN W. WARD

10.1 Introduction

Many biological signalling pathways are regulated by specific protein-protein
interactions. The ability to measure such interactions in real time with high
sensitivity using instrumental optical biosensors has resulted in the rapid
expansion in the use of these technologies for characterising the physico-
chemical parameters in many biological signalling pathways (Nice and
Catimel 1999, Rich and Myszka 2000).

In biosensor studies one of the interactants is immobilised onto the sensor
surface and potential binding partners are applied in solution over the surface
using either flow or cuvette based hydraulics. It is possible to analyse binding
partners in a diverse range of biological fluids (eg tissue extracts, diluted
serum or chromatographic fractions), but homogeneous and well-charac-
terised proteins are required for accurate kinetic analysis. By careful control
of the immobilisation chemistry (Johnsson et al. 1995), it is possible to attach
a wide range of compounds onto the biosensor surface. No labelling is
required with the optical biosensors, as detection is based on evanescent wave
technology in which changes in refractive index, caused by changes in mass
upon binding at, or near to, the sensor surface modulate the signal. Typically,
since the detectors are mass sensitive, the smaller molecular weight binding
partner is immobilised to maximise sensitivity of detection. Optical biosen-
sors have been used to study interactions involving a wide range of com-
pounds, including drugs, small chemical entities, peptides, proteins, lipids,
carbohydrates, oligonucleotides, bacteria, viral particles, phage and even cells.
Typical applications have included, for example, antibody-antigen and recep-
tor-ligand interactions, epitope mapping, analysis of components of signal
transduction pathways, and studies on adhesion molecules and nuclear
receptors (Rich and Myszka 2000a,b, 2001, 2002). More recently, biosensor
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surfaces have also been investigated as microaffinity purification platforms
(reviewed in Catimel et al. 2001), in which the surfaces have either been used
directly for MALDI analysis (Nelson and Krone 1997, Nedelkov and Nelson
2001a,b), or else samples have been recovered for downstream proteomics
analysis (Sonksen et al. 1998, Catimel et al. 2000, Williams 2000).

The general applicability of the technique renders it ideally suited to struc-
ture-function studies, where detailed kinetic analysis of different mutants can
identify key binding regions; this helps to reveal the biological mechanism of
the interactions and facilitate the development of agonists and antagonists
with potential therapeutic activity (Van Regenmortel 2001, Gardsvoll et al.
1999, van der Plas et al. 2000). Examples of systems where biosensor studies
have yielded valuable structure-function information include growth hor-
mone (Cunningham and Wells 1993), interleukin 1 (Chrunyk et al. 2000),
interleukin 5 (Plugariu et al. 2000, Bennet et al. 1995), interleukin 11 (Schlein-
kofer et al. 2001), insulin like growth factor (Wong et al. 1999, Forbes et al.
2002, Dubaquie and Lowman 1999, Song et al. 2000, Marinaro et al. 1999,
Shand et al. 2003) and the epidermal growth factor (EGF)/EGF receptor
(EGFR) family (Zhou et al. 1993, Domagala et al. 2000, De Cresenzo et al. 2000,
Lenferink et al. 2000, Elleman et al. 2001). In this paper we review a range of
biosensor applications and illustrate the power and flexibility of this
approach by reference to our recent data on the EGF/EGFR system.

10.2 The EGF/EGFR Family

The EGFR family (EGFR (ErbB1), ErbB2 (HER 2) ErbB3 and ErbB4) are sin-
gle transmembrane spanning proteins of the receptor tyrosine kinase family.
They are monomeric glycoproteins of approximately 1,200 amino acids with
an extracellular domain consisting of approximately 620 amino acids, a single
transmembrane region and a cytoplasmic tyrosine kinase domain flanked by
non-catalytic regulatory regions (Fig. 10.1). The extracellular domain can be
divided into four sub-domains based on sequence homology (domains I-IV
(Lax et al. 1988),also known as L1, CR1,L2 and CR2 (C.W. Ward et al. 1995) or
L1,51,12,S2 (Bajaj et al. 1987).

These receptors can be activated by up to a dozen potential ligands which,
together with their potential to form homo- or heterodimers, gives rise to a
complex signalling network (Groenen et al. 1994, Yarden and Sliwkowski,
2001). This signalling network regulates a wide range of cellular processes
including proliferation, differentiation, cell migration and apoptosis (Alroy
and Yarden 1997, Riese and Stern 1998, Yarden and Sliwkowski 2001).
Increased, or constitutive EGFR signalling has been observed in approxi-
mately one third of all human tumours including brain, head and neck, colon,
lung and pancreas due to mutations of the receptor, gene amplification, recep-
tor over expression or autocrine stimulation by specific ligands (Sizeland and
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Fig. 10.1. The domain structure of the EGFR. The extracellular region can be divided
into four domains (I-IV) based on sequence homology (Lax et al. 1991). The presence of
potential glycosylation sites is indicated (dashes). The cytoplasmic region contains the
kinase domain. K721 is the ATP anchor. The location of tyrosine residues involved in
phosphorylation and the recruitment of downstream signalling partners are shown

Burgess 1992, Hynes and Stern 1994, Todd and Wong 1999). Such aberrant sig-
nalling is typically associated with poor clinical prognosis including non-
responsiveness to chemotherapy and decreased survival (Slamon et al. 1987,
Slamon et al. 1989, Mendehlson and Baselga 2000). The EGFR is therefore a
significant therapeutic target. Indeed, it has been estimated that the potential
world market is in excess of US$6 billion (Steinberg 2002).

The ligands, which are characterised by a distinctive cysteine motif which
forms three conserved disulphide bonds, includes EGF, and the transforming
growth factor alpha (TGF«), amphiregulin, betacellulin, epiregulin, heparin-
binding EGE, epigen and the neuregulins (Groenen et al. 1994; Fig. 10.2).
ErbB2 cannot bind ligands (Garrett et al. 2003), but seems to be the preferred
partner for heterodimerisation with other EGFR family members (Sundare-
san et al., 1998). ErbB3 has an inactive kinase domain, and hence also signals
through ErbB family heterodimers (Riese and Stern, 1998). It is now thought
(Moriki et al. 2001) that ligand binding stabilises oligomerisation of the recep-
tor and causes re-orientation of the kinase domains resulting in activation
and transphosphorylation. Downstream signalling molecules are then
recruited to the phosphorylated C-terminal region.

Binding studies on whole cells have shown the presence of two affinity
forms of the EGF receptor: a small number of high affinity receptors
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Human EGF 1 NSDSECPLSHDGYCLHDGVCMYIEALDKYACNCVVGYIGERCQYRDLKWWELR 53
Mouse EGF 1 NSYPGCPSSYDGYCLNGGVCMHIESLDSYTCNCVIGYSGDRCQTRDLRWWELR 53
Human TGF 1 VVSHFNDCPDSHTQFCFH-GTCRFLVQEDKPACVCHSGYVGARCEHADLLA 50
Amphiregulin 41 KKKNPCNAEFQNFCIH-GECKYIEHLEAVTCKCQQEYFGERCGEK 84
Betacellulin 32 KTHFSRCPKQYKHYCIH-GRCRFVVDEQTPSCICEKGYFGARCERVDLFY 80
Epiregulin 2 AQVSITKCSSDMNGYCLH-GQCIYLVDMSQNYCRCEVGYTGVRCEHFFL 49
HB-EGF 41 KKRDPCLRKYKDFCIH-GECKYVKELRAPSCICHPGYHGERCHGLSLPVE 86
Epigen 53 LKFSHPCLEDHNSYCIN-GACAFHHEL~QAICRCFTGYTGQRCEHLTLTSYA 103
Neuregulin-1 141 AQVSITKCSSDMNGYCLH-GQCIYLVDMSQNYCRCEVGYTGVRCEHFFLTV 222

Fig.10.2. The EGF family of ligands. The one-letter code for amino acids has been used.
The conserved cysteine residues which form the motif characteristic of the EGF family
are highlighted. The sequences were obtained from entries in the NCBI website except
for epiregulin which is from Strachan et al. (2001). The numbering and termini of the
sequences were derived from the “mature chain” section of each entry

(Kp=1-20pM) and a large number of low affinity forms (K,=1-2 nM) (Sch-
lessinger et al. 1983, Yarden and Schlessinger 1987a,b). It is believed that the
high affinity form mediates downstream signalling, following ligand activa-
tion (King and Cuatrecasas 1982, Kawamoto et al. 1983, Bellot et al. 1990). The
binding affinity of purified membranes is influenced by the method of prepa-
ration: while Triton X-100 solubilised membranes display low binding affinity
(Kp=40-200 nM) for EGF (Yarden and Schlessinger 1987a,b, Yarden et al.
1985), membranes prepared in a carefully designed cytosolic buffer retain the
high affinity form of the receptor (Walker and Burgess 1991).

Chemical cross-linking studies have shown that the ligand binding sites in
sEGFR are comprised of regions from both domains 1 and 3 (Summerfield et
al. 1996, Woltjer et al., 1992). Interestingly, a 40 kDa, proteolytically derived,
sEGFR fragment comprising residues 302-503, which would contain only one
of the proposed binding sites, is capable of binding EGF with a K|, of approx-
imately 500 nM-1 pM (Kohda et al. 1993).

10.3 Biosensor Analysis
10.3.1 Instrumentation

Biosensors are analytical devices that detect molecular interactions with high
selectivity based on molecular recognition. The main feature is a selective
active surface consisting of a biological species coupled to an optically or elec-
tronically active medium (Cass 1995). Bio-recognition, ideally in a concentra-
tion-dependent manner, will alter the properties of the sensor surface
enabling suitable transducers to convert biochemical interactions to elec-
tronic information that can be amplified and translated into a quantitative
signal (Cass 1995). Many of the available instrumental biosensors are multi-
function optical biosensors that are suitable for a range of research applica-
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tions. Six instrumental optical biosensors are now commercially available
(Baird and Myszka 2001). The BIAcore range from BIAcore, Uppsala, Sweden
(http://www.biacore.com) and the IAsys systems from Affinity Sensors, Cam-
bridge, UK (http://www.affinity-sensors.com) are currently the most widely
used (Baird and Myszka 2001). Both instruments use detection principles
based on optical evanescence: the flow-based BIAcore systems use surface
plasmon resonance detection (Malmqvist 1983) while the cuvette-based IAsys
uses a waveguide technique called a prism coupler or resonant mirror (Davies
et al. 1994). The BIAcore sensor surface consists of a glass slide coated with a
thin (50 nm) gold film to which is attached, by an inert (alkanethiol) linker
layer, a chemical matrix onto which one of the binding partners can be immo-
bilised using a number of well-defined chemistries (Nice and Catimel 1999,
Catimel et al. 1999; Table 10.1). The sensor chip is interfaced with an inte-
grated fluidic cartridge that consists of a series of flow channels, controlled by
micro-diaphragm pneumatic valves, encased in a hardened plastic housing.
This geometry forms a flow cell of a 60-nl volume that has four parallel sensor
surfaces, each with a surface area of approximately 1.5 mm?2. The IAsys Auto+
is a cuvette-based sensor, with dual microcuvettes (10-80 pl capacity) which
have integral sensor surfaces (in either analytical or preparative format, with
surface areas of 4 or 12 mm? respectively) which are optically coupled to the
resonance mirror detector (Catimel et al. 1999). The glass sensor surfaces can
be derivatised to give similar functionalities to those available from BIAcore
(Table 10.1). Both these instruments continuously monitor the resonance
angle and thus can detect changes in refractive index caused by changes in
sensor surface mass when a ligand binds to, or dissociates from, its immo-
bilised binding partner. Data are presented as sensorgrams that display the
change in resonance units (RU, BIAcore) or angle (arc seconds, IAsys) versus
time.

These biosensors display a high sensitivity, which is a prerequisite for any
technology which has widespread applicability in biological analysis. In the
case of the BIAcore, a signal of 1,000 RU is equivalent to a surface concentra-
tion of 1 ng/mm? for proteins (Nice and Catimel 1999). Using the BIAcore
3000 the minimum detectable surface concentration of protein is estimated to
be approximately 0.5 pg/mm?, assuming a short-term noise of approximately
0.1 RU and a signal/noise ratio of 5. For the IAsys, a signal of 163 arc seconds
for proteins is equivalent to a surface concentration of 1 ng/mm? using the
CMD surface (Catimel et al. 1999, 2001). The short-term noise of this instru-
ment is approximately 0.2 arc seconds.

This sensitivity typically allows the detection of interactions at low ng/ml
concentration, corresponding to the levels of ligand frequently present in bio-
logical samples (Nice et al. 1997). However, the concentration of ligand re-
quired for a detectable signal for any particular interaction depends on many
factors including the relative masses of the interactants, the immobilisation
level, association and dissociation rate constants and injection volume.
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Table 10.1. BIAcore and IAsys immobilisation chemistries

Surface Chemistry Applications

Carboxymethyldextran Coupling via primary Compatible with a wide range of

(CMS5 BlAcore, CMD amines using NHS/EDC protein and peptide applications:

IAsys) chemistry Immobilisation of thiol reactive
reagents for thiol coupling
Immobilisation of hydrazine for
coupling of oxydised carbohydrate
Immobilisation of reagents for
affinity capture

CMD Select Car- Large coupling capacity Ideal for ligand fishing

boxymethyldextran (16-mm? surface)

(IAsys)

Dextran matrix with low
degree of
carboxylation(B1 BIAcore)

Short carboxymethyldex-
tran (F1 BIAcore) carboxyl
group attached directly to
the surface (C1 BIAcore)
Carboxylate planar sur-
face (IAsys)

Amino planar surface con-
taining primary amine)
(IAsys)

Biotin (IAsys)

Streptavidin (SA BIAcore)

N-(5-amino-1-car-
boxypentyl)iminoacetic
acid surface (NTA BIA-
core)

Untreated gold surface (J1
BIAcore)

Hydrophobic (IAsys)

Long-chain alkanethiol
(HPA BlAcore)

Lipophilic modified sur-
face (L1 BIAcore)

Coupling via primary
amines using NHS/EDC
chemistry

Coupling via primary
amines using NHS/EDC
chemistry

Coupling directly to pri-
mary amines on the sen-
sor surface using a

homobifunctional cross-
linker or glutaraldehyde

Coupling of biotinylated
ligand following strepta-
vidin immobilisation

Pre-immobilized strepta-
vidin onto CM5 surface

Metal chelation

Partial hydrophobic char-
acter

Hydrophobic binding of
biomolecules, such as lipid
monolayers

Formation of lipid bilayer

Kinetic applications requiring a
low density of immobilised ligand

High molecular weight analytes
and cell binding studies

Coupling of ligands with low pH

High molecular weight analytes
and cell binding studies

Immobilisation of biotinylated lig-
ands or membranes (eg proteins,
oligonuclotides

Immobilisation of histidine tagged
recombinant proteins

To design customised surface
chemistry, e.g. self-assembled
monolayers, thin polymeric films

Lipids, liposomes, self-assembled
monolayers

Membrane receptor analyte inter-
actions

Immobilisation of cell membranes,
liposomes
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10.3.2 Generation of an Active Biosensor Surface

The ability to immobilise one of the binding partners on the sensor surface is
fundamental to successful biosensor analysis. Ideally this should be in a
defined, biologically active and stable orientation mimicking that found in
vivo. Targets for immobilisation may be purified from biological samples, or
produced by recombinant or synthetic techniques. Since the biological speci-
ficity resides in this surface, the compounds for immobilisation should be
homogeneous and well characterised.

A number of suitable chemistries and sensor surfaces are available for the
immobilisation of proteins, carbohydrates, nucleic acids and lipids (Table
10.1). With the exception of very acidic species (pI <3.5), proteins and pep-
tides can generally be immobilised on carboxymethylated dextran surfaces
via the amino-terminus and e-amino group of lysine residues using conven-
tional amine coupling chemistry (N-ethyl-N’-dimethylaminopropyl-carbodi-
imide (EDC) and N-hydroxysuccinimide (NHS)). However, this chemistry fre-
quently gives rise to a heterogeneous surface due to the presence of multiple
lysine residues in most proteins, and may result in inactivation due to the
involvement of lysine residues in, or near to, the binding site. However, for
non-kinetic applications (e.g. screening, ligand searching) amine coupling
frequently results in a surface which shows some reactivity since it is likely
that some of the molecules will be coupled in an active orientation.

Other immobilisation strategies have included aldehyde and thiol cou-
pling, as well as affinity capture using the biotin/streptavidin interaction, spe-
cific binding to protein A, protein G or the Fc domains of antibodies, metal
chelation, coiled-coil interactions and antibodies directed against specific
tags (e.g. GST, FLAG, Myc, poly-histidine). These methods have been
described in detail in several reviews (Nice and Catimel 1999, Catimel et al.
2001).

10.3.3 Kinetic Analysis

The potential to obtain the individual kinetic rate constants (k, and k,) by
analysis of the association and dissociation phases of the interaction is a
major advantage of biosensor technology. Kinetic analysis requires the injec-
tion of varying concentrations of analyte over the immobilised ligand to gen-
erate a set of binding curves for detailed analysis. However, perhaps contrary
to original conceptions, analysis of such data is frequently not trivial. The
biosensor binding curves (sensorgrams) can be analysed to determine both
association and dissociation rate constants as well as equilibrium binding
constants (Nice and Catimel 1999). This can be achieved using a number of
different approaches to mathematically describe the biosensor data including
linearisation of the primary data, non-linear least squares analysis and, more
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recently, global fitting. We have found it useful to combine a number of alter-
native approaches to each data set to verify the appropriateness of the models
used (Domagala et al. 2000). Additionally, if equilibrium binding can be
obtained, the dissociation constants (K, or K,) can be determined by
Scatchard Analysis (Req/nC versus Req where Req is the equilibrium response
observed on the sensorgarm, C is the concentration and n is the valency)
(Chaiken et al. 1992, Nice and Catimel 1999).

10.3.4 Solution Competition Analysis Using Biosensors

Whilst biosensor analysis has generally been used for direct kinetic or thermo-
dynamic analysis, for which one of the interactants is immobilised on the sen-
sor surface, it is also possible to use the technology to determine the dissocia-
tion constant (K, or K;) from solution competition experiments (Ward et al.
1995, Domagala et al. 2000). In this case, a standard curve is first generated by
passing varying concentrations of the binding partner over the sensor surface.
Competition experiments are then set up,and after allowing equilibrium to be
reached, the concentration of residual free binding partner in solution is mea-
sured by injecting the mixture over the sensor surface and determining the
concentration directly from the calibration curve (bound material will not be
recognised). The data can then be analysed in Scatchard format
([Bound]/[Free] versus [Bound]) where the K, (=1/K;,) can be determined
from the slope of the fit. Interestingly, this data can also be transformed (Zeder-
Lutzetal. 1993) by dividing both axes by the concentration of the competitor, to
give an intercept on the x-axis which will correspond to the molar binding
ratio. Another useful transformation of the Scatchard data [Hill Plot, Log
([Bound]/[Free]) versus -Log [Free]) (Hill 1910) enables cooperativity or the
presence of multiple binding sites to be investigated (Domagala et al. 2000).

10.4 Biosensor Analysis of the Interactions Between EGF and
the EGFR

10.4.1 Immobilisation Strategies for EGF

A number of alternative coupling chemistries have been used for the immo-
bilisation of EGF, or related family members, onto biosensor surfaces. Amine
coupling chemistry has been successfully used to immobilise human EGF
(hEGF), TGFa and neuregulin 183 onto biosensor surfaces (Zhou et al. 1993,
Domagala et al. 2000, Elleman et al. 2001, Ferguson et al. 2003). Mature human
EGF is a 53 amino acid polypeptide that contains only a single lysine (Lys28;
Fig.10.2), which theoretically allows three possible orientations onto the sen-
sor surface (involving Lys28, amino terminal NH2 or both). However for
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TGFa, another member of the EGF family, it has been shown that coupling via
its equivalent unique lysine (Lys 29; Fig. 10.2) leads to an inactive surface
(Domagala et al. 2000, DeCrescenzo et al. 2000). Hence, when using amine
coupling chemistry, a pseudo-homogeneous surface is generated in which
only one of the possible forms is in an active orientation. In murine EGF an
Asn replaces the single Lys (Fig. 10.2), leaving only the N-terminus available
for amine coupling. Interestingly, amino coupling of mEGF in a defined ori-
entation via the N-terminus results in a totally inactive surface, presumably
due to steric hindrance (Domagala et al. 2000). It is interesting to note that,
while the optimum conditions for immobilisation were being developed, we
noticed that mEGF remained strongly retained, onto the carboxymethylated
dextran surface, presumably by a charge-based mechanism, prior to activa-
tion with NHS/EDC which could result in the binding sites being occluded.

It has been shown previously that for small peptides the addition of a
biotin tag can improve surface reactivity, presumably by reducing steric hin-
drance (Panayotou et al. 1993). Indeed, general biotinylation (which, like
amine coupling will react with both the amino terminus and lysines), fol-
lowed by RP-HPLC purification to purify the individual biotinylated species,
has been used to generate an active TGFa surface (De Crescenzo et al. 2000).
We have therefore investigated the possibility of generating an active mEGF
surface by specific biotinylation at the N-terminus. Murine EGF isolated from
mice salivary glands can be resolved by RP-HPLC into two major forms: alpha
EGF (Asn1-53) and beta EGF (Ser2-53, des-asparaginyl form) (Burgess et al.
1982, DiAugustine et al. 1985). Both forms have similar receptor binding and
mitogenic activities (Burgess et al. 1982).

In an attempt to generate an active, homogeneous mEGF surface that can
be immobilised in a specific orientation, we have developed (Wade et al. 2002)
a new immobilisation technique that specifically tags N-terminal serine or
threonine residues with biotin, which would be generally applicable to other
proteins with these residues at the N-terminus (Fig. 10.3). This method uses
the potential of N-terminal serine and threonine residues to undergo rapid
conversion to their aldehydic form by treatment with periodate. Biotinylation
of the aldehyde can then be achieved using simple conjugation with a novel
water-soluble dipeptide that contains a lysine residue bearing an Ne-cysteine-
derived 1,2-aminothiol and an Na-biotin moiety. This method was used to
selectively biotinylate the amino terminal serine residue of native mEGF2-53.
This derivative was then immobilised onto a streptavidin biosensor chip to
yield an active surface (K,=292 nM) (Wade et al. 2002). It should be noted that
this reaction is specific for N-terminal residues: serines or threonines else-
where in the protein chain are unreactive.
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Fig. 10.3. Strategy for the immobilisation of peptides or proteins with an N-terminal
serine or threonine residue using thiazolidine conjugation. Details of the biotin carrier
peptide are shown in the inset

10.4.2 Immobilisation Strategies for sSEGFR

Active biosensor surfaces can be generated by immobilising soluble forms of
the complete extracellular region of the EGF receptor (sEGFR 1-621) or the
high-affinity, truncated form (sEGFR 1-501) using NHS/EDC chemistry
(Elleman et al. 2001). This allows kinetic data to be obtained by passing the
smaller molecular weight ligands over the receptor surface, and allows the
effect of alternative immobilisation conditions to be investigated. SEGFR
1-621 contains 36 lysine residues whilst SEGFR 1-501 has 32. The presence of
this large number of lysine residues, while almost certainly giving rise to sen-
sor surface heterogeneity, seems to result in a surface which recognises the
ligands, as has been observed previously for antibodies and other large mole-
cular weight compounds. Presumably a large number of the alternative sur-
faces are attached by lysine residues that are not involved in the binding sites
and are therefore in a fully active conformation. Lenferink et al. (2000) have
used a similar strategy to immobilise SEGFR 1-621 to analyse EGF-like lig-
ands whilst Berezov et al. (2002) have immobilised recombinant purified
ectodomains of EGFR, ErbB2 and ErbB3 for studies on homo- and het-
erodimerisation and the characterisation of EGFR peptidomimetics.
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10.4.3 Kinetic Analysis of the Interaction Between hEGF and the Soluble
Extracellular Domain of the EGF Receptor (SEGFR 1-621)

In our early studies on the synergy between micropreparative HPLC and opti-
cal biosensors (Nice et al. 1994), we demonstrated the use of the biosensor to
monitor binding partners in chromatographic fractions. As part of this study
we used immobilised hEGF to monitor the purification of a soluble form of
the EGFR produced by A431 tumour cells, which consists of residues 1-615
fused to an additional 18 amino acids (Ullrich et al. 1984). Visual inspection of
the biosensor curves obtained with the purified material indicated both rapid
on and off rates. Kinetic analysis of the dissociation rate constant (k;), which
is concentration independent, gave values of 1.5-3.1x10-2 s-1. Since we did not
have an accurate measure of the sEGFR concentration in these fractions, we
were unable to get a precise value for the k.

Detailed binding studies between the EGF receptor and its ligand(s) have
been performed using purified recombinant extracellular domain (residues
1-621) of the EGFR receptor (SEGFR) produced in CHO cells, which is fully
glycosylated (Zhou et al. 1993, Domagala et al. 2000, De Crescenzo et al. 2000,
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Fig. 10.4. Biosensor analysis of the interaction between sEGFR 1-621 and immobilised
ligand. A hEGF immobilised by amine coupling using NHS/EDC chemistry. B Scatchard
analysis using the equilibrium binding responses (Req) observed in A. The K, deter-
mined from this analysis is shown. C hTGFa immobilised using amine coupling chem-
istry. D The corresponding Scatchard analysis of the data shown in C
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Elleman et al. 2001). Varying concentrations of receptor were passed over an
immobilised ligand to generate data sets for analysis. Amine coupling chem-
istry was used in the studies of Zhou et al. (1993), Domagala et al. (2000) and
Elleman et al. (2001), whereas De Crescenzo et al. (2000) used TGFa biotiny-
lated at the N-terminus coupled to a streptavidin surface. As we had seen for
the soluble receptor obtained from A431 cells, the binding curves comprised a
fast on-rate, they rapidly reached equilibrium, and then, when the buffer alone
was flowing over the sensor surface, showed rapid off-rates (Fig. 10.4). All
these studies indicated that complex kinetics were operating since the bind-
ing curves could not be fully described by a simple 1:1 Langmuirian model.
Thermodynamic analysis of the equilibrium binding data between EGF and
EGFR 1-621 gave K, values of 370 (Domagala et al. 2000) to 560 nm (Zhou et
al. 1993) which is in good agreement with the affinities determined using a
number of other physicochemical techniques (Greenfield et al. 1989, Gunther
et al. 1990, Brown et al. 1994, Lax et al. 1991, Hurwitz et al. 1991). The molar
binding ratio indicated from the analysis of the equilibrium binding data, as
proposed by Zeder-Lutz et al. (1993) was 1:1. The corresponding analysis of
the interaction between TGFa and sEGFR 1-621 gave a K, of 960 (Elleman et
al. 2001) to 1040 nM (De Crescenzo et al. 2000).

Global analysis of the interaction between EGF or TGFa and sEGFR 1-621
(Domagala et al. 2000, De Crescenzo et al. 2000; Fig. 10.5) has been used to test
a number of potential interaction models. In the study of Domagala et al., use
of the 1:1 model gave a K, of 347 nM (k,=1.15x10°> M-! s71, k;=0.04 s7!),
although there was significant deviation of the fitted curves from the actual
data (Fig. 10.5). In particular the dissociation phase showed non-random
residuals (data not shown). This could have been due to mass transport limited
kinetics. Refitting using a similar model but including mass transport calcula-
tions gave no significant improvement to the fit. However, it was not possible to
readily distinguish between other possible models such as surface heterogene-
ity (Kp1=342 nM, K,2=247 nM,) receptor heterogeneity (K,1=493 nM,
Kp2=60 nM) or conformational change induced by ligand binding (K,1=
421 nM, K,2=6.1 uM). Surface heterogeneity was considered an inappropriate
model since, as we have discussed above, only hEGF immobilised in a single
orientation via the N-terminus and leads to an active surface. Interestingly, all
these models indicated a major component with k, and k; values similar to
those determined using the Langmurian model.

De Crescenzo et al. (2000) analysed their data using models to describe
mass transport limitations, surface heterogeneity, conformational change,
dimerisation (assuming a 1:2 or 2:2 stoichiometry) or the presence of two,
non-cooperative sites. They concluded that a conformational change model
gave the best fit to their data: however they did not attempt to model receptor
heterogeneity.
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Fig. 10.5. Global analysis of the interaction between immobilised hEGF and sEGFR
1-621. Sensorgrams obtained by passing increasing concentrations of sEGFR 1 - 621
over immobilised hEGF were analysed by global analysis using equations defining alter-
native binding situations. The fitted data are indicated by open circles. A 1:1 Langmuirian
binding (A+B<AB). B Surface heterogeneity (A+B<>AB/A+B*<AB*). C Sample het-
erogeneity (A+B&>AB/A*+B<>A*B). These data were fitted assuming that there was
95% of one sEGFR species and 5% of the other. D Conformational change
[A+B&AB&(AB)*]

10.4.4 Confirmation of the Binding Model

It must be remembered that global analysis merely provides a mathematical
description of a particular data set, and that multiple solutions are possible.
The biological relevance of the biosensor models needs to be established. We
performed solution competition experiments using the biosensor as well as
fluorescence anisotropy measurements to further delineate the interaction
mechanism. The Scatchard analysis of the solution binding data (Fig. 10.6),
generated by biosensor analysis of the concentration of free EGFR in the com-
petition mixtures, gave a biphasic plot that was best fitted by a two-site model
with calculated Kjs of 20 and 550 nM. The intercept on the x-axis suggested
that the high affinity site represented 10-15 % of the population. The Hill plot
gave a coefficient of 0.42, indicative of either multiple binding sites or negative
cooperativity.
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Fig. 10.6. Competition analysis of the interaction between sEGFR 1-621 and EGF
derived using the BIAcore. A A standard curve of biosensor response versus sEGFR
1-6211 concentration was constructed over the range 20-1000 nM. B Scatchard analysis.
Solution competition assays were performed, the concentration of free sEGFR being
quantitated using the BIAcore and the standard curve (A). The concentration of bound
receptor can then be obtained directly, without assumption of a specific stoichiometry,
and the data plotted in Scatchard format. The biphasic curve was fitted using LIGAND.
The K, values obtained are shown

Fluorescence anisotropy studies indicated a molar binding ratio of 1:1
between EGF and sEFGR. Non-linear least squares and global analyses of the
anisotropy data suggested a K, of approximately 300 nM. However, analysis of
the data in Scatchard format again yielded a biphasic plot with K5 of 2 and
400 nM. The intercept on the x-axis indicated the high affinity site represented
approximately 20 % of the population (Domagala et al. 2000). Again, the Hill
coefficient was less than 1 (0.67) (data not shown).

Analytical ultracentrifugation was also used to characterise the interacting
species in the SEGFR/EGF reaction in solution (Domagala et al. 2000). The
average molecular weight of the complex determined using this technique
suggested that the dimer is a 2EGF/2sEGFR complex. This was in good agree-
ment with the 1:1 molar binding ratio calculated from the biosensor data
using the Van Regenmortel approach (Zeder-Lutz et al. 1993).

Taken together, these studies indicate that there are two populations of
SEGFR in solution: one which represents approximately 15- 20 % of the pop-
ulation and binds EGF with a K, of 2-20 nM and the other with a Kp of
400-550 nM. EGF and sEGFR interact with a molar binding ratio of 1:1, form-
ing a dimer consisting of 2EGF/2sEGFR.
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10.4.5 Identification of a Truncated High Affinity Form of the Soluble
Extracellular Domain of the EGF Receptor

One of the major goals of our project, aside from the physical chemical char-
acterisation of the receptor, was to produce sufficient material for crytallisa-
tion studies. Crystals could be generated from the glycosylated sEGFR 1-621,
but these only diffracted to about 7 A, and were not suitable for structural
analysis. We therefore decided to produce an alternative construct. Using
information obtained from the 3D structure of the first three domains of the
extracellular region of the structurally related IGF-I receptor (Garrett et al.
1998) we produced a truncated form of the EGFR (sEGFR 1-501) (Elleman et
al. 2001). A myc tag was included at the C-Terminus of the sEGFR 1-501 to
facilitate purification (McKern et al. 1997).

The sEGFR 1-501 analogue consists of the first three L1/CR1/L2 domains
plus the first module of the second Cys-rich region CR2. Its design was based
on the following considerations. Firstly, a shorter construct (SEGFR 1-476),
comprising the L1/CR1/L2 domains only, did not bind ligand, suggesting that
additional regions of the receptor were required. Secondly, the structure of
the L1/CR1/L2 fragment of the related IGF-1R showed the presence of a con-
served tryptophan residue, Trp176, in the first module of the Cys-rich (CR1)
region, which is inserted between the last two rungs of the L1 domain (Garrett
et al. 1998). An equivalent tryptophan residue, Trp492, and corresponding
hydrophobic pocket are preserved in the first module of the second Cys-rich
(CR2) region of EGFR and the L2 domain of EGFR respectively. This interac-
tion is not found in the L2 domains of IGF-1R and IR, which lacks a second
Cys-rich region (Garrett et al. 1998). Thirdly, the ligand binding and signalling
properties of an 83 amino acid deletion mutant of EGFR (sEGFR 1 - 538) from
a human glioma (Humphrey et al. 1991) have been reported to be normal,
with a high ligand binding affinity leading to increased EGFR kinase activity,
suggesting that much of the CR2 domain (domain IV) can be removed with-
out detriment. Finally, the 40 kDa, proteolytically derived, EGFR fragment
(residues 302-503), which is capable of binding EGF with a K, of 500 nM-
1uM, also includes the first module of CR2 (Kohda et al. 1993). Taken
together, these observations suggest that interactions between the first Cys-
rich module of CR2 and the L2 domain may be important in maintaining the
structural integrity of the EGFR.

The sEGFR 1-501 was produced in stably transfected Lec 8 cells, which are
glycosylation defective (Stanley 1989), at levels of ~1.8 mg L-. We have shown
previously using BIAcore analysis (Nice et al. 1996) that removal of carbohy-
drates using PNGase does not affect the binding of sEGFR 1-621 to the immo-
bilised ligand, in agreement with the concept that glycosylation is required for
correct processing but not for biological activity (Bishayee 2000). It was our
hope that the reduced glycosylation would be advantageous for the crystal-
lography studies. sSEGFR 1-501 was purified using a Mab9E10 anti-c-myc pep-
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tide affinity column using peptide elution. The purified protein showed a sin-
gle symmetrical peak on size exclusion chromatography (apparent molecular
mass of ~80 kDa) and migrated as a single band of ~70 kDa on SDS-PAGE
under reducing conditions (Elleman et al. 2001). sSEGFR 1-501 gave the antic-
ipated N-terminal sequence, LEEKKVXQGT (Ullrich et al. 1984), the X at cycle
7 being due to the presence of a disulphide-bonded cysteine residue at that
position. The apparent molecular mass of 70 kDa on SDS-PAGE is due to the
residual glycosylation reported for the glycosylation defective Lec 8 cells
(Stanley 1989) the calculated mass of human sEGFR 1-501 apo-protein being
~57.5 kDa.

10.4.6 Kinetic Analysis of the Interaction Between EGF and sEGFR 1-501
The kinetics of the interaction between EGFR 1-501 and hEGF and TGFa

(Fig. 10.7) was studied using biosensor analysis and compared with the bind-
ing characteristics of sSEGFR 1-621. Scatchard analysis of the equilibrium
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Fig. 10.7. Biosensor analysis of the interaction between sEGFR 1-501 and immobilised
ligand. A hEGF immobilised by amine coupling using NHS/EDC chemistry. B Scatchard
analysis using the equilibrium binding responses (Req) observed in A. The K, deter-
mined from this analysis is shown. C hTGFa immobilised using amine coupling chem-
istry. D The corresponding Scatchard analysis of the data shown in C. Note the higher
affinity for these interactions compared with those observed for the full-length extracel-
lular domain (Fig. 10.4)
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binding data showed that sEGFR 1-501 displayed a higher affinity to hEGF
(Kp ~30 nM) compared to sEGFR 1-601 (K, ~400 nM). The equivalent analy-
ses on the TGFa surface gave K,s of ~50 and 1000 nM respectively. The
increase in affinity appears to be mainly due to a reduced off-rate (cf.
Figs. 10.4 and 10.7).

10.4.7 Analysis of the Receptor/Ligand Interaction Using Immobilised
Receptor

In order to verify the kinetic data that we had generated using the immo-
bilised ligand surfaces, it was decided to repeat the analysis in the opposite
orientation (i.e. immobilised soluble extraceliular domains of the receptor;
Fig.10.8).It can be seen that in this format, since the smaller molecular weight
species is causing the change in mass at the sensor surface, that the signals are
lower ( Figs. 10.4, 10.7 and 10.8). However, the curves showed the same char-
acteristics as we had seen previously (Figs. 10.4,10.7) in terms of the fast on-
rate, rapid equilibrium and the fast off-rate. Scatchard analysis indicated a K,
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Fig. 10.8. Biosensor analysis of the interaction between immobilised sSEGFR 1-501 and
1-621 and EGE. A sEGFR 1-501 or B sEGFR 1-621 was immobilised on the sensor sur-
face using amine coupling chemistry. Increasing concentrations of EGF were flowed over
the surfaces. The corresponding Scatchard analyses, obtained using the equilibrium
binding responses, are shown alongside (B, D)
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of 68 nM for the interaction with SEGFR 1-501 and 370 nM for the interaction
with sEGFR 1-621, which agreed with our calculations obtained using alter-
native immobilisation chemistries.

10.4.8 sEGFR 1-501 and sEGFR 1-621 Are Competitive Inhibitors of
EGF-Induced Mitogenesis

The inhibitor capacity of sEGFR 1-621 and sEGFR 1-501 were tested in a
mitogenic cell based-assay using the pre-B cell line BaF/3 transfected with
the EGFR (Walker et al. 1998). In this assay, EGF induces mitogenic prolifer-
ation with an EC50 of approximately 30pM. To test for inhibitors, the cells
were stimulated with a constant concentration of mEGF (207pM), inducing
maximal stimulation. Varying levels of sEGFR 1-621 and sEGFR 1-501
(0.45 nM-0.5 pM) were used in a competition assay. A neutralising anti-
EGF-receptor monoclonal antibody (Mab 528) were used as a positive con-
trol. This competition assay (Fig. 10.9) showed that sSEGFR 1-501 was almost
tenfold more potent as an inhibitor of EGF/EGER signalling (IC50=0.02 pM)
than sEGFR 1-621 (IC50=0.15 uM) and threefold more potent than Mab 528
(IC50=0.06 pM) which is a precursor of the anti-EGFR antibody C225 cur-
rently in clinical trials (Normanno et al. 2003, Mendelsohn and Baselga
2000).

% Inhibition

Inhibitor Concentration (LV)

Fig. 10.9. Inhibition of EGF induced mitogenesis by sEGFR 1-501. Inhibition of the
mitogenic response using BaFcells transfected with the EGFR and stimulated with
mEGF (207 pM) by: sEGFR 1-501 (filled squares), sEGFR 1-621 (filled circles) or anti-
EGFR antibody Mab528 (filled triangles). Each point was assayed in triplicate. Error bars
are shown
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10.4.9 Identification of a Determinant of EGF Receptor Ligand Binding
Specificity (Chickenising the Human EGF Receptor)

hEGEF, mEGF and TGFa bind to human and murine EGF receptors with simi-
lar high affinity despite the considerable differences in their amino acid
sequences (Fig. 10.2). In contrast, chicken EGF receptor (cEGFR) binds to
hEGF and mEGF with an approximately 100-fold lower affinity than to TGFo.
Arginine 45 in human EGF was previously identified as the key residue for the
reduced binding to cEGFR (van de Poll et al. 1995). Since it has been shown by
chemical cross-linking (Summerfield et al. 1996) that Arg 45 binds to the L2
region of the receptor, it was assumed that the region responsible for the dif-
terential binding to cEGFR was located within Lys301 - Asp484. Based on the
results of van de Poll et al. (1995), we hypothesised that the binding site of
cEGFR would contain a basic residue that is neutral or acidic in hEGFR and
mEGFR. Six residues in the region Lys301-Asp484 correspond to these criteria
in hEGFR (Ser340, Glu367, Asn420, Gly441, Glu472, Gly479). Among them,
three residues were selected for mutation studies (lysine substitution):
Glu367, which is situated near the epitope of the ligand-competitive LA22
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Fig. 10.10. BIAcore analysis of the binding of the Gly**!Lys sEGFR 1-501 mutant to
immobilised hEGF and hTGFa. Purified Gly*!'LysEGFR 1-501 (24-385 nM) was passed
over immobilised hTGF-a (A) or hEGF (C). The corresponding Scatchard analysis, using
the equilibrium binding values obtained from these sensorgrams, is shown alongside (B,
D)
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monoclonal antibody (Wu et al. 1989), Gly441, which is located near the bind-
ing site identified by chemical cross-linking (Lys465) and Glu472. The other
residues were deemed unlikely to be involved in EGF binding: based on our
model of the EGFR extracellular domain (Jorissen et al. 2002): Ser340 is at the
back of the L2 domain, Asn420 is a predicted N-linked glycosylation site
(Tsuda et al. 2000) and Gly479 is distant from the ligand cross-linking site
Lys465 (Jorissen et al. 2002).

Soluble EGFR 1-501 and related mutants (Gly441Lys, Glu367Lys and
Glu472Lys) were produced as transient transfectants in human 293T fibrob-
lasts, or as stable transfectants in Lec 8 cells (Stanley, 1989) and injected over
immobilised hEGF and TGFa. The Glu367Lys and Glu472Lys mutants showed
similar binding characteristics to the wild-type sEGFR 1-501. On the con-
trary, the Gly441Lys mutant displayed increased binding on the TGFa surface
compared with the parallel hREGF channel (Fig. 10.10). This binding selectivity
is similar to that observed with chicken EGFR. More detailed kinetic analyses
were therefore performed using the Gly441Lys mutant: Equilibrium binding
analysis showed that Gly441Lys sEGFR 1-501 had a high affinity interaction
with TGFa (K, of 77 nM) but a low affinity interaction with human EGF (K,
of 455 nM) (Elleman et al. 2001).

10.5 Structural Studies on the EGF Receptor Family

Initially an understanding of the molecular basis of many of the biophysical
or cell-based studies on the EGFR family was hindered by a lack of structural
and mutational data on the receptors. However, over the last six months sev-
eral publications have appeared from the USA, Japan and our own laborato-
ries describing the three-dimensional structures for significant portions of
the extracellular domains of three of the four EGF receptor family members:
EGEFR (Garrett et al. 2002; Ogiso et al. 2002, Ferguson et al. 2003), ErbB2 (Gar-
rett et al. 2003; Cho et al. 2003) and Erb B3 (Cho and Leahy 2002).
Interestingly, the structures on the EGFR/ligand dimers (Garrett et al.,
2002; Ogiso et al, 2002) reveal a novel mechanism for dimerisation (Fig.
10.11) compared with those seen in other growth factor/receptor structures
that have been solved to date (eg NGF/NGFR (Wiesman et al. 1999)
VEGF/VEGFR (Wiesman et al. 1997), IL6/gp130 (Chow et al. 2001), hGH/
hGHR (de Vos et al. 1992), IL10/IL10R (Josephson et al. 2001). Crystals of
TGFa/sEGFR 1-501 or EGF/sEGFR 1-619 contain two molecules of each
polypeptide in the asymmetric unit. Dimerisation occurs via homophilic
interactions involving a specific loop projecting from each of the first cysteine
rich (CR1) regions (back to back dimer). Each ligand is clamped between the
first (L1) and third (L2) domains from the same sEGFR 1-501 molecule, and
makes contact with only one receptor molecule in the dimer: the two ligands
are located on opposite sides of the complex and are more than 70 A apart.
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Fig. 10.11. Crystal structure of the EGFR 1-501/TGFa complex showing a side view of
the back-to-back dimer. Left Space-filled representation of the 2:2 complex; the two
sEGFR501 molecules are shaded light and dark grey, the two TGFa molecules are shown
in black. Right Backbone representation of the 2:2 complex: the dimer interface via the
two CR1 loops is indicated by an arrow
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Fig. 10.12. Biosensor analysis of a sEGFR CR1 loop mutant

The biological relevance of the back to back dimer has been confirmed by
transfecting BaF cells (a pre-B cell line which lacks endogenous EGFR) with a
mutant in which the CR1 loop has been deleted (Garrett et al. 2002), and by
biosensor studies (Fig. 10.12) using sEGFR 1-501 in which key residues impli-
cated from the crystal structure in the dimer interaction had been mutated
(246YNPTTYAQM253 to 246DAPDTEAD253). Scatchard analysis of the equi-
librium binding data showed that the CR1 loop mutant had a considerably
(>tenfold) reduced affinity compared to the native protein. Interestingly the
affinity observed in the CR1 loop mutant (K,=505 nM) was now similar to
that we had observed with sEGFR 1-621.



154 Edouard C. Nice et al.

10.5.1 Inactivated EGFR Adopts an Autoinhibited Configuration

Our own crystallographic data is further complemented by two related struc-
tures that have also been solved recently, namely Erb B3 in the absence of lig-
and (Cho and Leahy 2002) and EGFR at low pH in which ligand is only bound
to L1 (Ferguson et al. 2003). Both these structures reveal potential “autoinhib-
ited” configurations, in which the CR1 dimerisation interface that we have
identified is completely occluded by an intramolecular interaction with CR2.
In this state, the EGFR (Ferguson et al. 2003) and ErbB3 (Cho and Leahy 2002)
ectodomains are folded over in a tethered configuration where the CR1 and
CR2 regions are in an antiparallel register that is stabilised by interaction
between the CR1 loop and the fifth and sixth modules of CR2. In this config-
uration the L1 and L2 ligand binding-sites are both exposed but held apart.
Ligand binding destabilises this conformation resulting in a dramatic and
global change in the configuration of the ectodomain. The L1/CR1 unit
rotates and moves away from the CR2 domain to adopt an extended configu-
ration where the ligand becomes clamped between the L1 and L2 domains of
a single receptor molecule (Garrett et al. 2002; Ogiso et al. 2002). In this acti-
vated state the CR1 and CR2 loops of ErbB receptors are both now exposed
and positioned to interact with a second activated partner to form a 2:2 back-
to-back complex.

There is also recent biochemical evidence implicating the loop regions of
CR2 in mediating inter-receptor dimers. The CR2 region is the site of action
for a set of inhibitory peptides originally designed to mimic the CDR3 loop of
Herceptin (Park et al. 2000) and shown to compete with Herceptin for binding
to the CR2 domain of ErbB2 (Berezov et al. 2001). A subsequent set of
inhibitory peptides have been designed which mimic sequences in modules 6
and 7 of CR2 (Berezov et al. 2002), a region shown to contribute to ErbB2 het-
erodimer formation (Kumagai et al. 2001). Finally, multiple mutagenesis in
CR2 modules 3 and 5 of EGFR can lead to dramatic reductions in ligand-
induced tyrosine phosphorylation (Saxon and Lee 1999). Interestingly when
the CR2 domain of ErbB3 is fitted to the sEGFR501 complex by molecular
modelling (not shown) the ends of the CR2 domains (modules 6 and 7) over-
lap. These interacting CR2 modules 6 and 7 are the same modules targeted by
the ErbB2 inhibitory peptides (Berezov et al. 2002).

10.6 Regulation of Homo- and Heterodimerisation

In spite of extensive experimentation, no ligand has ever been identified for
Erb B2 (Schlessinger 2002) yet ErbB2 appears to be the major signalling
partner for other ErbB receptors. The crystal structures of sErbB2 1-509
(Garrett et al. 2003) or sErbB2 1-631 (Cho et al. 2003) reveal an activated
conformation similar to that of the EGFR when complexed with a ligand and
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very different from that seen in the inactivated forms of ErbB3 or EGFR. The
Erb B2 structure (Fig. 10.13) contains only one molecule of the truncated
ErbB2 ectodomain in the asymmetric unit. The inability of ErbB2 to bind
known ligands is caused by sequence differences and the close juxtaposition
of the two L domains, which occludes much of the potential ligand-binding
region. While the large loop from the ErbB2 CRI1 domain is exposed and
clearly available for heterodimerisation, electrostatic calculations suggest
that an ErbB2 homodimer would be unlikely and dimers were not observed
in either crystal form of the extracellular region. Full-length ErbB2 does not
normally homodimerise when expressed in cells, but can do so after high
overexpression or mutation within the transmembrane domain. This
homodimerisation is mediated in part by a hydrophobic region involving
residues 966-968 in the cytoplasmic tail of the tyrosine kinase domain
(Penuel et al. 2002).

The conformations of the EGFR and ErbB2 CR1 loops are remarkably sim-
ilar and we have suggested (Garrett et al. 2003) that the Erb B2 ectodomain is
in an active conformation, poised to form heterodimers with other members
of the EGFR family. It has been shown (Graus-Potra et al. 1997, Klapper et al.
1999) that Erb B2 is the preferred co-receptor for hetero-oligomerisation.

Biosensor studies have been performed (Ferguson et al. 2000) on EGF and
neuregulin induced homo- and hetero-oligomerisation of soluble extracellu-
lar domains of the EGFR family. Efficient homodimerisation was observed
with EGFR and ErbB4 extracellular domains with EGF and neuregulin respec-
tively. In contrast, ligand induced ErbB receptor extracellular domain het-
rodimers were only observed for sErbB2-sErbB4. Fitzpatrick et al. (1998),

Fig.10.13. Crystal structure of sErbB2 1 - 509 showing the CR1loop in an active config-
uration. Left Space-filled representation. Right Backbone representation. The individual
domains are shaded
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using Scatchard analysis with a radiolabelled ligand, also observed that het-
erodimers composed of either ErbB3 or ErbB4 with ErbB2 showed high affin-
ity binding with heregulin. To date, in agreement with the conclusions from
the structural studies on the truncated form of the ErbB2 extracellular
domain (sErbB2 1-509, Garrett et al. 2003) no formation of sErbB2 homod-
imers has been observed.

Interestingly, Berezov et al. (2002), have used biosensor analysis to investi-
gate the potential of peptides derived from the L2 domain of Erb B2 to inhibit
receptor self-association. The peptides have been shown to selectively bind to
the EGFR family ectodomains and the isolated L2 domain of ErbB2, and to
inhibit heregulin -induced interactions of ErbB3 with other members of the
EGEFR family.

10.7 Rationalisation of the Structural and Biosensor Data

The availability of the detailed structural data on the EGF/EGFR family mem-
bers has allowed us to rationalise some of the questions raised by the biosen-
sor studies that we (Nice et al. 1996, Domagala et al. 2000, Elleman et al. 2001),
and others (Zhou et al. 1993, De Crescenzo et al. 2000, Ferguson et al. 2003),
had undertaken. Firstly, why did EGFR 1-501 bind with higher affinity than
the full-length extracellular domain? We had originally hypothesised (Elle-
man et al. 2001) that domain 4 might be inhibitory and that only single site
binding was occuring, but it was not clear what the mechanism of this inhibi-
tion might be (one possibility we had considered was that domain 4 might be
blocking access of the ligand to one of the potential binding sites, but if this
was the case, it was not clear whether this was an artefact of investigating the
interaction in solution rather than with the receptor attached to the cell mem-
brane). The binding affinity of the Kohda fragment (500 nm-1 uM), which
only contains the L2 domain binding site supported the single site binding
hypothesis (Kohda et al. 1993). It is now clear from the crystal structures that
domain 4 is indeed involved in the regulation of the binding affinity, since the
tether between the CR1 and CR2 loops would only permit binding to a single
site without a major conformational change.

The high affinity (20-30 nM) binding site observed with sEGFR 1-501
would then probably fit with binding to both L1 and L2 as observed in the
EGFR crystal structure. However, this appears to necessitate dimerisation
since the CR1 loop mutant (Fig. 10.12), which would have both sites available
since there is no CR1-CR2 loop tether possible in this construct, and which
was shown by chemical crosslinking studies to be unable to dimerise, displays
the reduced affinity of 500 nM conserved with sEGFR 1-621. Additionally,
cross-linked sEGFR dimers (Zhou et al. 1993, Nice et al. 1996), showed similar
affinity to that which we had observed with sEGFR 1-501 (Kys of 10-25 nM)
and also displayed the reduced off-rate (0.002-0.003 s-!).



Chap. 10 Biosensor Analysis of EGF/EGFR Interactions 157

The binding affinity of TGFa to either sEGFR 1-501 or 1-621 determined
using biosensor analysis has reproducibly been lower than that observed for
EGF (De Crescenzo et al. 2000, Elleman et al. 2001). It could be that the addi-
tional C-terminal residues (WELR) help stabilise the binding of EGFE. Interest-
ingly, the role of Gly441, which we had suggested to be important in selectiv-
ity in TGFo/EGF binding (Elleman et al. 2001), may also involve interactions
with the C-terminus. It is possible that the reduction in binding seen with the
Gly441Lys mutant is a function of steric hindrance between the lysine side
chain and Glu 51 of the EGF: since TFGa terminates at residue 49 this would
not be a problem.

10.8 Conclusion

The use of biosensor analysis for detailed investigation of the interactions of
the soluble extracellular domains of the EGFR family with their ligands has
revealed a lot of useful information on the structure-function relationships of
this important family of signalling proteins. In particular it has shown the
presence of both high and low affinity forms of the full-length extracellular
domain of the receptor (SEGFR 1-621) in solution (Domagala et al. 2000, De
Crescenzo et al. 2000). Surprisingly, biosensor analysis of a truncated form of
the receptor (SEGFR 1-501) showed a higher affinity binding, corresponding
to the high affinity form observed in sEGFR 1-621. The availability of crystal-
lographic information on the EGFR, ErbB2 and ErbB3 (Garrett et al. 2002;
Ogiso et al. 2002, Ferguson et al. 2003, Garrett et al. 2003, Cho and Leahy 2002,
Cho et al. 2003) has explained this result. These structures have yielded many
surprises, including a clear and dramatic conformational transition on ligand
binding (Ferguson et al. 2003), an extra-ordinary back-to-back dimer config-
uration (Garrett et al. 2002, Ogiso et al. 2002) and the unexpected pre-activa-
tion state for the ErbB2 receptor monomer (Garrett et al. 2003). Taken
together they suggest a novel mechanism for receptor dimerisation and acti-
vation (Fig. 10.14).

These structures will allow this new model of receptor mediated EGFR
activation and signalling to be tested rationally by designing appropriate lig-
and and receptor mutants. These structures also clearly show why previous
attempts to generate ligand-based inhibitors have failed, and suggest a num-
ber of novel strategies for designing new Erb B antagonists with therapeutic
potential. Biosensor studies, similar to the ones we have described in this
chapter, will clearly pay a pivotal role in many of these studies.
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Fig. 10.14. The mechanism of EGFR activation and dimerisation. The unoccupied
receptor (A) is in an autoinhibited state caused by a tether between the loops in the CR1
and CR2 regions. The receptor remains in the autoinhibited (inactivated) state (B) upon
ligand binding to only the L1 domain. Simultaneous binding of ligand to both the L1 and
L2 domains disrupts the intracellular domain tether between the loops in the CR1 and
CR2 domains and involves a large conformational change about a pivot between the
CR1-L2 interface (C). Rotation of the model by 90° (D) highlights the new orientation of
the CR1 and CR2 loops. Active dimers are stabilised by the interaction of the CR1 loops
(E). 1 L1 domain, 2 CR1 domain, 3 L2 domain, 4 CR2 domain, L ligand, M membrane
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11 The Functional Interaction Trap: A Novel Strategy
to Study Specific Protein-Protein Interactions

ALOK SHARMA, SUSUMU ANTOKU and BRUCE J. MAYER

11.1 Protein-Protein Interactions in Cellular Systems

Protein-protein interactions play a central role in almost all aspects of the
living cell, and understanding these interactions holds the key to under-
standing a host of cellular processes. Whether it is an enzyme modifying its
substrate, the assembly of subunits of a multiprotein complex, the recogni-
tion and binding of a specific ligand, or the polymerization of monomeric
subunits such as those of actin, protein-protein interactions are essential for
regulating and organizing virtually all physiological responses. Much recent
research has focused on understanding these interactions in detail, and
while progress has been rapid in many areas, it is clear that new tools to
study specific protein-protein interactions are sorely needed. For example,
our ability to identify actual or potential protein-protein interactions has
outpaced our ability to validate the functional significance of those interac-
tions, or of post-translational modifications that might result from those
interactions. In this article we will discuss the Functional Interaction Trap
(FIT) approach [13, 44], a novel proteomic tool designed to elucidate the
physiological outputs that are mediated by specific protein-protein interac-
tions or post-translational modifications in cellular signaling. We will also
discuss in detail a specific application of the FIT approach, where it is used
to dissect the functional consequences of tyrosine phosphorylation of spe-
cific substrates in the cell.

11.2 Signal Transduction

Cellular signaling utilizes an extensive and complex array of protein-protein
interactions to transduce and interpret extracellular signals [16, 36]. In multi-
cellular organisms, signaling is critical for normal development and daily
functioning of the cell and the organism. This is particularly true of complex
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functions of the cell such as adhesion, migration, differentiation, and survival,
which depend entirely on the proper functioning of the signaling machinery.
A large number of protein-protein interactions are required for a signal to be
transferred from the outside of the cell to the cytoplasm, from the cytoplasm
to the nucleus, from the nucleus back to the cytoplasm, and in some cases
from the cytoplasm back to the outside of the cell to be carried away to other
cells. In general, signal transduction results from an input signal which mod-
ifies the activity of a one or more cell-surface proteins (by post-translational
modification and/or physical association with other proteins), which in turn
modifies the activity of additional proteins downstream. One protein can
alter the activity of multiple proteins, and the process of successive post-
translational modifications (or physical associations) of proteins leads to the
formation of a signaling cascade. Each of the protein interactions or modifi-
cations produces effects that are integrated together to produce a physiologi-
cal response.

An important aspect of signaling is that it generally does not involve sim-
ple linear pathways, but instead is dependent on highly interconnected net-
works of interactions. An analogy can be drawn between the signaling process
and a computer program. The input signal is the execute or run command that
starts to decipher the program, which has been split up into smaller modules.
Each module consists of several commands that work together to produce an
output. The output from each module is then “compiled” together to produce
the desired final output. In a complex environment, the same modules could
be used for running different parts of different programs. Similarly, cellular
signaling takes advantage of the same modules (such as small G proteins or
MAP kinase cascades) to perform many different tasks.

The resulting complexity of signaling networks leads to a profound exper-
imental problem: understanding the output produced by a specific interac-
tion between two proteins, (for example a kinase and a substrate) is very dif-
ficult, because the kinase is likely to modify multiple substrate proteins and a
particular substrate may be modified by multiple kinases. Thus, in order to
study the effects produced by the interaction between two specific proteins,
we need to develop methods that will promote an interaction exclusively
between the two proteins of interest, thus permitting analysis of the down-
stream effects mediated by that specific pairwise interaction. As will be sub-
sequently described, the FIT approach that we have developed [13, 44] was
designed to allow the analysis of the functional consequences of specific pro-
tein-protein interactions or post-translational modifications in the cell.
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11.3 Tyrosine Phosphorylation and the Identification of
Physiologically Relevant Substrates

The tyrosine kinase activity of the v-Src oncogene product was discovered
in 1980 [17, 45]. Soon thereafter other viral oncogenes such as v-Abl were
also shown to possess tyrosine kinase activity, implying a central role in can-
cer [39]. Of course the endogenous cellular homologues of the viral onco-
genes (such as c-Src and c-Abl) were found to be present in normal cells and
were assumed to play an important role in normal signaling [40, 46, 52].
Subsequently, it was shown that transmembrane receptors for some mito-
genic growth factors also possessed tyrosine kinase activity, leading to the
classification of tyrosine kinases as either receptor tyrosine kinases (such as
the EGE, PDGEF, and insulin receptors) or non-receptor tyrosine kinases
(such as Src or Abl). With the discovery of more tyrosine kinases came the
realization that diseases other than cancer, for example disorders of the
immune system, could also result from improper tyrosine kinase signaling.
The most recent analyses have shown that the human genome encodes at
least 90 tyrosine kinases [29], which participate in a wide variety of
processes in the cell.

Tyrosine kinases such as Src phosphorylate multiple substrates, thereby
modulating diverse cellular functions such as proliferation, adhesion, migra-
tion, differentiation and survival [5, 34, 37, 49]. How and why then do v-Src
and v-Abl cause cancer? Or on the other hand, what are the substrates that
mediate the normal physiological roles of c-Src and c-Abl? Clearly, one of the
keys to understanding the profound biological activities of tyrosine kinases is
identifying the substrates whose phosphorylation is responsible for physio-
logical responses. It is logical to expect that relatively few substrates must be
responsible for each of the responses, normal or abnormal. While a large
number of substrates of tyrosine kinases such as Src and Abl have been iden-
tified [28], the question of which substrate phosphorylation leads to which
particular response has remained largely unexplored mostly due to the lack of
specific experimental tools to address this issue.

Identifying the substrates responsible for biological outputs is not merely
of academic interest, as those substrates may represent novel targets for drug
discovery. In order to treat cancer or other disorders resulting from defective
tyrosine kinase signaling, it would obviously be preferable to target the
improper functioning unit of the signaling cascade rather than trying to
manipulate the physiological manifestations of the disease itself. The tyrosine
kinases themselves are excellent drug targets, as recently demonstrated by the
spectacular success of Gleevec, which specifically targets BCR-Abl in human
chronic myelogenous leukemia (CML) [9, 10]. However, in some cases, inhibit-
ing the kinase may have unacceptable side effects, or (as has been seen in
CML) the kinase may mutate to become resistant to the inhibitor [15]. In
other cases, it may be desirable to inhibit only one of several downstream out-
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puts from a kinase. In such instances, identification of the substrates respon-
sible for the output to be inhibited is an obvious first step in devising
inhibitors of those pathways.

A closer look at the structure of these tyrosine kinases and how they rec-
ognize their substrates will shed some light on the difficulty of the task, and
on a potential strategy which would address this problem. Tyrosine kinases
consist largely of modular domains, each conferring a specific function. In the
case of nonreceptor tyrosine kinases such as Src, these include an N-terminal
myristoylation signal, followed by a unique region, followed by modular pro-
tein interaction domains termed Src homology 3 and 2 (SH3 and SH2)
domains, and finally the catalytic domain [5, 34, 37,49]. Considerable data has
shown that both the SH3 and SH2 domains play an important role in binding
to putative substrates, allowing the relatively weak and nonspecific catalytic
domain to efficiently phosphorylate the bound substrate, often on multiple
sites [32,37, 38,47].

The key to substrate phosphorylation then lies in the specificity of the
SH3 and SH2 domains. SH3 domains recognize and bind to proteins con-
taining a left-handed polyproline helix with a core consensus of PxxP, while
SH2 domains bind specifically to tyrosine-phosphorylated peptides [22, 31,
36]. Although both SH3 and SH2 domains have some inherent specificity
(that is, different SH3 domains will bind best to different spectra of proline-
rich binding sites, and different SH2 domains bind best to different phos-
photyrosine-containing sites), there is a considerable overlap in this binding
specificity; therefore, the same substrate may bind to and be phosphorylated
by multiple tyrosine kinases such as Src or Abl. Furthermore, many different
potential substrates may bind with similar affinity to a particular kinase.
Thus, an activated tyrosine kinase may phosphorylate a multitude of pro-
teins, while different kinases phosphorylate overlapping sets of substrates.
How then can we begin to dissect which responses are being mediated by
which substrates?

One approach to identifying key substrates is to individually knock out the
expression of candidate substrates, either by homologous recombination or
more recently by RNAi. While this may indicate whether a substrate is neces-
sary for a particular output, it cannot address whether phosphorylation of
that substrate is sufficient for that output. Furthermore, such an analysis
would be compromised if the substrate has some other important cellular
function that does not depend on its phosphorylation. While in principle this
problem could be addressed by knocking in mutant genes lacking specific
phosphorylation sites, this approach is in most cases prohibitively slow, costly,
and labor-intensive for vertebrate cells, and it presupposes a great deal of
information about potential substrates and phosphorylation sites. Therefore
it is necessary for us to to develop an alternative method with which we could
experimentally induce the phosphorylation of a single substrate of choice in
the cell.
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11.4 The Functional Interaction Trap as a Novel Strategy to
Promote Specific Protein-Protein Interactions and Post-
Translational Modifications

How can we achieve a pairwise interaction between a kinase and a single sub-
strate, when the activation of tyrosine kinases generally leads to interaction
with multiple substrates? One approach is to modify the kinase and the sub-
strate of interest in such a manner that the modified kinase recognizes, binds
to,and phosphorylates only the modified substrate, while failing to recognize,
bind to or phosphorylate any normal endogenous substrates. For this
approach to be successful two criteria must be met. Firstly, it is important to
eliminate the ability of the modified kinase to phosphorylate endogenous
substrates. In the case of the nonreceptor tyrosine kinases, it was already
known that mutants lacking the SH3 and SH2 substrate binding domains had
low activity in vivo, although the catalytic domain was intact [33, 50]. Sec-
ondly, this approach requires that the modified substrate and kinase can be
forced to interact. In the FIT strategy, interaction between two proteins of
choice is mediated via an engineered, highly specific binding interface. This
experimental strategy is depicted schematically in Fig. 11.1.

We first investigated whether single-chain antibodies and their peptide
epitopes could function as the artificial binding interface between the Abl
tyrosine kinase and potential substrates [13]. While the results were promis-
ing, we found that binding mediated by single-chain antibodies was rather
weak in vivo, and their relative instability in the intracellular environment
posed additional experimental problems. In a search for an alternate artificial
binding interface, we next turned to “leucine zipper” coiled-coil domains [27].
These short amphipathic alpha helical segments are relatively small and can
be selected for a propensity to heterodimerize as opposed to homodimerize.
Specifically, we took advantage of the WinZipA and WinZipB (hereafter ZipA
and ZipB) coiled-coil segments first selected by Pliickthun and colleagues for
efficient heterodimerization in vivo [1]. We expected that the addition of a
small coiled-coil segment would only minimally disrupt the normal sec-
ondary and tertiary structure of the modified proteins. This is important for
the FIT approach, as any significant disruption of the structures of the pro-
teins could alter their biological activities, or prevent substrate phosphoryla-
tion due to steric hindrances.

The coiled-coil mediated interaction between modified Src and substrates
was robust and specific,leading to a specific pairwise interaction as measured
both by co-immunuprecipitation, and by the specific phosphorylation of the
modified substrates [44]. We could demonstrate that, in cells expressing Src
kinase lacking the SH3 and SH2 domains and bearing a ZipA coiled-coil seg-
ment, highly efficient and specific tyrosine phosphorylation of a substrate of
choice was observed when that substrate was fused with the complementary
ZipB segment. As expected, phosphorylation was dependent on the presence
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Fig. 11.1. Schematic representation of the FIT strategy to analyze functional conse-
quences of tyrosine phosphorylation. A Upon kinase activation, the binding of a large
number of substrates to the SH3 and SH2 domains of the kinase results in the phospho-
rylation of multiple substrates, each leading to a specific physiological output. B Re-
placing the SH3 and SH2 domains of the kinase with one partner of an artificial binding
interface (such as coiled coils), which recognizes the second partner fused to the sub-
strate, will enable a specific protein-protein interaction between the kinase and a single
substrate, enabling specific phosphorylation of that particular substrate without phos-
phorylation of other endogenous substrates. Any biological output produced as a result
can thus be attributed to the specific phosphorylation of that particular substrate

of ZipA in the kinase and ZipB in the substrate, and could be seen under con-
ditions where no apparent increase in tyrosine phosphorylation of other pro-
teins in the cell was observed.

11.4.1 Coiled-Coil Segments Can Act as a Specific Artificial Binding
Interface Between the Abl Tyrosine Kinase and Substrates

We similarly designed FIT-compatible mutants of the Abl kinase and its sub-
strates by fusing them to coiled-coil domains, and investigated whether we
could demonstrate specific association of the modified proteins and phos-
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phorylation of the modified substrate. Our strategy involved replacing the
SH3 and SH2 substrate binding domains of Abl with a coiled-coil segment
(Zip A), and adding the second, complementary coiled-coil segment (ZipB) to
the substrate. Plasmids expressing the two modified proteins were then trans-
fected together in low amounts into tissue culture cells. In these Abl con-
structs the location of the ZipA segment was different from that in Src con-
structs, where the ZipA segment was fused to the extreme amino or carboxyl
terminus [44]. In this case the ZipA segment was precisely inserted into Abl in
the position normally occupied by the SH3 and SH2 domains, thus the N-ter-
minal myristoylation site and the C-terminal actin binding domains of Abl
[48] were unaffected in the resulting chimeric protein (diagrammed in
Fig. 11.2).
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Fig. 11.2. Coiled-coil domains promote specific interaction between Abl kinase and
Stat3. A The structures of Abl and Stat3 constructs are depicted diagrammatically.
Approximate positions of myristoylation site (wavy line), SH3, SH2, and tyrosine kinase
catalytic domains are indicated, as are ZipA and ZipB coiled coil segments and Myc epi-
tope tag. B 293T cells were transfected as indicated and harvested 24 h later. Equal
amounts of cell lysates were separated by SDS-polyacrylamide gel electrophoresis and
transferred to membranes. Immunoblots were probed with antibodies as indicated on
the right. Anti-pTyr Phosphotyrosine-specific monoclonal antibody. WCL Whole cell
lysate. Approximate positions of molecular weight markers are depicted on the left (in
kDa)
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Figure 11.2 illustrates the typical results obtained using FIT to promote a
pairwise interaction between modified Abl and a substrate, in this case the
Stat3 transcription factor [51]. When plasmids encoding Abl lacking its SH3
and SH2 domains, or Abl lacking its SH3 and SH2 domains but fused to Zip A,
were transfected along with plasmids encoding Stat3 fused to either the Myc
tag alone or Myc tag with ZipB, co-immunoprecipitation of Abl and Myc-Stat3
was detected only when complementary coiled coils were present on both the
kinase and the substrate (Fig. 11.2B, top panel, lane 9). This implies that Abl
lacking its substrate binding domains cannot recognize and bind to endoge-
nous substrates (shown by the failure of Stat3 or the modified ZipB-tagged
Stat3 to co-immunoprecipitate with the Abl ASH3/SH2 mutant); however, the
presence of ZipA on Abl enabled it to recognize and bind to Stat3 containing
ZipB, while still failing to bind to endogenous substrates or Stat3 lacking
ZipB. Thus, a pairwise interaction between a kinase and a substrate has been
achieved through the coiled-coil domains.

More importantly, this coiled-coiled interaction is not only physical, but
also has functional consequences: Abl fused to Zip A specifically phosphory-
lated tyrosine residues on Stat3 fused to ZipB, but not Stat3 lacking ZipB
(Fig. 11.2B). It is important to note that the increased tyrosine phosphoryla-
tion of ZipB-Stat3 was observed in the apparent absence of tyrosine phos-
phorylation of other endogenous cellular proteins (Fig. 11.2B). The expres-
sion of Stat3, ZipB-Stat3 or Abl was not significantly different between the
different transfected cells. Thus, the coiled-coiled interaction is specific, pro-
moting a pairwise interaction between the modified kinase and substrate that
leads to the tyrosine phosphorylation of the substrate. Similar results were
obtained with other Abl substrates, including HS-1, Dok1, and p130¢s (data
not shown).

In previous studies with Src, we also examined whether the position of the
coiled-coil domain within the kinase affected the level of tyrosine phospho-
rylation of the substrate. When the ZipB coiled coil was positioned at the N-
terminus of substrates such as p130°, no difference was observed in FIT-
induced phosphorylation by Src constructs containing the ZipA coiled coil
either at the N- or C-terminus [44]. Thus, the addition of coiled coils to the
kinase in either location does not provide any steric hindrance to the effective
association between the kinase and the substrate. In the case of the Abl
mutants described above, the ZipA segment is located internally, between the
N-terminal unique domain and the catalytic domain of Abl. Thus, it appears
that the FIT approach is quite flexible and robust, and that the ability of FIT-
modified kinases to phosphorylate FIT-modified substrates is not highly sen-
sitive to the location of the ZipA and ZipB segments in the proteins of inter-
est.
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11.4.2 Coiled-Coil Segments can Activate Physiological Downstream
Signaling Events

Although coiled-coil mediated interaction can lead to specific tyrosine phos-
phorylation of substrates, this in itself may not mimic physiological phospho-
rylation of that substrate during normal signaling. For example, FIT-medi-
ated phosphorylation might occur on inappropriate or irrelevant sites, and
thus may not be sufficient to induce a physiological downstream response. In
addition to phosphorylation of inappropriate sites, the FIT strategy might
introduce other problems. For example, ZipA-ZipB binding is relatively
strong (K,;=24 nM [1]), thus the possibility exists that the substrate may not
be able to freely dissociate from the kinase to allow its relocalization or down-
stream interaction with other proteins. Alternatively, fusion of the substrate to
coiled-coil segments could prevent its normal function or result in aberrant
and/or constitutive activity. We therefore tested whether FIT-mediated phos-
phorylation of Stat3 led to the expected downstream response.

Under physiological conditions, phosphorylation of Stat3 by JAK family
kinases leads to the formation of Stat3 homodimers, which translocate to the
nucleus thereby inducing Stat-dependent gene transcription [8]. To test
whether Stat3 homodimers can still form, translocate, and activate gene
transcription, we used a Stat3-dependent transcriptional reporter system.
When Stat3 with or without ZipB was transfected along with Abl lacking SH3
and SH2 domains with or without Zip A, together with a Stat3-dependent
reporter construct driving luciferase expression (pGL2Basic [23]), luciferase
activity was significantly increased only in the cells expressing Abl and Stat3
fused to the complementary coiled-coil segments (Fig. 11.3). This indicates
that Stat3 molecules whose phosphorylation was mediated via coiled coils
were still able to form phosphorylated Stat3 dimers and subsequently acti-
vate gene transcription. The failure of ZipA-modified Abl to stimulate tran-
scription when Stat3 lacked ZipB demonstrates that the addition of coiled
coils to both the kinase and the substrate was required. Furthermore, the
dependence of the ability of ZipB-Stat3 to stimulate transcription in the
presence of ZipA-Abl demonstrates that the addition of the coiled-coil seg-
ment to Stat3 neither hampered its ability to promote gene transcription,
nor did it activate it constitutively. Thus FIT-mediated phosphorylation
using coiled coils is compatible with downstream signaling and can lead to
a physiological response. Similar results were observed when Src was used
instead of Abl to induce Stat3 phosphorylation by FIT [44].
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Fig. 11.3. Coiled-coil interaction between Abl kinase and Stat3 can promote gene tran-
scription and hence downstream events. 293T cells were transfected with plasmids
expressing Abl and Stat3 constructs as indicated, along with a Stat3-dependent reporter
construct expressing luciferase, and harvested in reporter lysis buffer 24 h later. An
aliquot of the lysate was mixed with luciferase assay substrate and the emitted light mea-
sured in a luminometer. Another aliquot of the lysate was used for protein estimation for
normalization. Relative luciferase activity was calculated by normalizing the no Abl, no
Stat3 group to a value of 1. Data expressed as mean =SD of three observations and ana-
lyzed by two-way ANOVA. *p<0.05 as compared to respective control groups. The
luciferase assay kit was obtained from Promega

11.4.3 Implications of FIT for Analysis of the Functional Consequences
of Specific Tyrosine Phosphorylation

We have shown that the FIT approach provides a novel tool for probing the
functional consequences of tyrosine phosphorylation. It is worth considering
here some of implications and potential uses of this approach. The most
straightforward application of the method, of course, will be in identifying
and validating those substrates whose phosphorylation is sufficient to induce
biological phenotypes of interest. For example, a more detailed and system-
atic study of the many known or suspected substrates of Src or Abl should
identify those that play an important role in cellular processes such as cellular
transformation. It is remarkable how little progress has been made on this
front despite more than 20 years of intensive effort highlighting the potential
usefulness of novel approaches like FIT. Such studies will be spurred on by the
expectation that essential downstream targets of tyrosine kinases are likely to
include novel targets for drug discovery, given the demonstrated importance
of tyrosine kinases in human disease.
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Dominant versus recessive effects: It should be pointed out that while it
might be relatively easy to use FIT to study dominant effects such as transfor-
mation, recessive effects might be more difficult to attribute to the phospho-
rylation of a particular substrate. In other words, the presence of normal,
wild-type kinases and substrates in the cell makes it problematic to use FIT to
identify substrates involved in normal physiological roles. In the cases of Src
and Abl, however, this drawback can be overcome by taking advantage of
already available genetic knock-out cells lines. For example, SYF cells (mouse
embryonic fibroblasts lacking the Src, Yes and Fyn tyrosine kinases, the only
Src family kinases detectably expressed in fibroblasts) are known to have
defects in cellular processes such as migration [19]. Expression in these cells
of FIT-compatible Src and candidate substrates should permit the identifica-
tion of those substrates whose phosphorylation is required for normal cell
migration. Similarly, mouse fibroblasts that lack Abl and its close relative, Arg
are available [20]. In principle, any recessive process could be studied by FIT,
as long as cells that lacked one of the two candidate proteins (either the kinase
or candidate substrate) were available. Of course, in yeast, the ability to easily
replace endogenous genes by homologous recombination means that FIT
could be applied to the study of recessive processes more easily.

Validating cellular effects previously attributed to phosphorylation of spe-
cific substrates: The phosphorylation of an enormous number of substrates
has been implicated in a variety of cellular responses, and FIT can be used to
validate the results obtained by more indirect methods. For example, Src-
induced tyrosine phosphorylation of p130% and paxillin-a have been sug-
gested to exert opposing effects on cell migration and contact inhibition of
growth [53]. FIT could be used to confirm this model: varying the relative
amounts of ZipB-tagged p130©s and ZipB-tagged paxillin in cells expressing
ZipA-tagged Src or Abl should result in a predictable, graded range of cell
migration or contact inhibition responses. In another example, increased
tyrosine phosphorylation of p130°s in the FG-M human pancreatic carci-
noma cell line has been correlated with increased migratory activity on vit-
ronectin, whereas increased tyrosine phosphorylation of p130© is not seen in
FG cells, which do not show enhanced cell migration on vitronectin [18]. If the
tyrosine phosphorylation of p130©s is directly responsible for the ability of
FG-M cells to migrate on vitronectin, FIT-induced phosphorylation of p130¢s
in FG cells should stimulate cell migration on vitronectin to the level seen in
FG-M cells.

Addressing the role of individual phosphorylation and binding sites: Many
substrates contain multiple tyrosine phosphorylation sites; for example,
p130¢s contains more than ten such sites [3, 34]. The biological consequences
of phosphorylation of each site may be different, serving as docking sites for
different SH2 domain-containing partners, for example, or inducing specific
allosteric changes. The individual roles of these phosphorylation sites can be
addressed by FIT by using specific tyrosine — phenylalanine mutants, in
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which one or more sites are mutated while the remaining sites retain their
ability to be phosphorylated by the kinase. At present, the functional in vivo
role of individual substrate phosphorylation sites can only be addressed
definitively by time-consuming genetic knock-in experiments.

Validating cellular signaling models: FIT can readily be used to test and val-
idate critical aspects of signal transduction models which are currently based
on indirect evidence. Only one of many possible examples is given here. Inte-
grin signaling is believed to occur as follows: upon activation of integrin
receptors, the FAK tyrosine kinase is recruited to the receptor along with Src,
paxillin and p130©s, which become tyrosine phosphorylated and therefore
bind to the Crk SH2 domain. Crk via its SH3 domains may then recruit pro-
line-rich effector molecules such as C3G and Sos, which subsequently mediate
Rapl and MAPK activation [7, 11].However, it has not been firmly established
whether FAK phosphorylation is sufficient to initiate this process. If this were
the case, then FIT-induced tyrosine phosphorylation of a kinase-inactive FAK
would be sufficient to induce focal adhesion complexes to form on the mem-
brane and result in activation of the Rapl and MAPK pathways, even in the
absence of integrin receptor activation.

11.5 Broader Uses of the FIT Strategy

Functional consequences of other post-translational modifications: We have
described the use of FIT to study the specific interaction between tyrosine
kinases and their substrates, but the FIT strategy was originally envisioned as
a more general means to induce the specific, pairwise association of signaling
proteins [13]. Given our success with tyrosine kinases, it is likely that FIT
could also be used to study the functional consequences of post-translational
modification by other enzymes with relatively weak catalytic activity, espe-
cially those with distinct substrate binding domains. These would include, but
would not be limited to, serine/threonine kinases such as MAP kinases and
cyclin-dependent kinases, proline isomerases, and enzymes involved in his-
tone acetylation or methylation. In each of these cases, FIT has the potential to
generate a wealth of information about the functional contribution of specific
substrates to physiological responses of interest. The only requirement for
this approach is the availability of mutants of the enzymes of interest, which
are catalytically active, yet functionally inert in vivo because their interaction
with normal substrates is compromised.

Analysis of downstream events dependent on protein-protein interactions:
Many signaling proteins contain modular protein interaction domains such
as the SH3, SH2, PTB, WW, PDZ, and EVH1 domains. These domains function
to mediate the assembly of multiprotein complexes essential for the transmis-
sion of signals [35, 36]. Although these domains generally have considerable
binding specificity, that specificity is by no means absolute. From an experi-
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mental standpoint, this means that many candidate proteins are likely to bind
to a protein of interest with similar affinity, making it difficult or impossible
to tease out which of these binding partners is important for downstream bio-
logical effects. Using the FIT approach, it will be possible to modify a protein
of interest by inactivating or deleting a protein interaction domain, and then
testing the effects of pairwise interaction of the modified protein with a panel
of candidate interaction partners. Thus the functional consequences of each
specific interaction can be elucidated, and those responsible for a biological
output identified.

Physiological responses elicited by cell-surface complexes regulated by
dimerization or oligomerization: Receptor tyrosine kinases such as ephrin
receptors are known to homo- and heterodimerize, with specific dimers elic-
iting specific downstream physiological effects [6, 21]. FIT could be used to
experimentally induce the formation of specific homo- and heterodimers of
these receptors in vivo. Similarly, G-protein coupled receptors such as the
dopamine receptors are believed to undergo homo- and heterodimerization
resulting in various permutations and combinations, each of which may
induce distinct downstream signals [12, 25, 41, 43]. FIT has the potential to
promote the formation of specific combinations of receptors and thus this
aspect of receptor dimerization can also be investigated in detail. Ion channel
receptors such as the nicotinic acetylcholine receptors, GABA, receptors and
NMDA receptors are composed of subunits, and the role of each of these and
their various combinations could also be studied by forcing specific combina-
tions to associate in vivo via FIT. Recently, it has also been shown that G-pro-
tein coupled receptors can directly interact with ion channels via direct pro-
tein-protein interactions [24, 26]. As these and other interactions are
uncovered, FIT could be a valuable tool to study and validate their functional
importance.

Screening libraries for protein-protein interactions important for physiolog-
ical responses: One of the most powerful potential uses of the FIT methodol-
ogy will be to screen large libraries of candidate partners to identify those
whose interaction with or modification by a target protein leads to a biologi-
cal activity of interest. With the advent of efficient recombination-based sub-
cloning methods and the deciphering of the complete human genome, it is
now possible to create representative libraries of full-length cDNAs as fusion
proteins [4]. Thus, for example a retroviral expression library of ~30,000
human cDNA clones could be constructed as ZipB fusion proteins, represent-
ing virtually the entire protein coding capacity of the human genome. This
library could be introduced into cells expressing a target protein, for example,
a tyrosine kinase, fused to ZipA. Thus in each infected cell, the target protein
will be forced to interact with a single ZipB-tagged protein. By screening sev-
eral tens of thousands of such infected cells, each expressing a different ZipB
fusion, it will be possible to essentially identify all proteins in the proteome
whose interaction with the target protein leads to a biological activity of inter-
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est. High-throughput cell-based screening methods could easily be devised to
identify interaction partners that result in alterations in morphology, motil-
ity, proliferation, and a host of other biological properties. Such an approach
will highlight only those proteins whose interaction with or modification by
the target protein leads to functionally important biological outputs. One of
the strengths of such a screen is that it does not presuppose any knowledge
about the identity of potential partners before the actual experiment is per-
formed.

11.6 Advantages and Disadvantages of FIT

As we have described, the advantages of using FIT as a means to study the
physiological responses mediated upon protein phosphorylation are many. A
specific pairwise interaction is achieved and thus the responses produced can
be confidently attributed to the phosphorylation of the particular substrate of
interest by the specific kinase. Appropriate controls can easily be performed,
including those in which either the kinase or the substrate lacks the coiled-
coil interaction domain, to control for any biological outputs that are not
directly due to the interaction between the tagged kinase and tagged sub-
strate. The kinase and the substrate can be expressed in very low amounts,
thus ensuring minimal disturbance of the cellular machinery and thus the
problem of compensatory responses and responses due to overexpression of a
particular protein are avoided or kept at a minimum. And of course the FIT
approach is not as labor-intensive as alternatives such as genetic knock-out
and knock-in approaches, and is capable of providing complementary infor-
mation.

In addition, the FIT approach allows the possibility of multiplexing. The
complexity and richness of an FIT experiment can be increased by simultane-
ously introducing multiple ZipA- or ZipB-tagged interaction partners, thus
allowing multiple interactions to occur in the same cell. For example, in the
case of tyrosine phosphorylation, the ability to induce the phosphorylation of
multiple substrates of choice by FIT will allow us to study responses where
phosphorylation of a single substrate might be insufficient to elicit a physio-
logical response. One can imagine an analysis using a variety of combinations
of known or suspected substrates of Src to decipher which combinations,
when phosphorylated, are sufficient to induce various parameters of malig-
nant transformation such as proliferation in low serum, anchorage-indepen-
dent growth, and so on.

One potential disadvantage is that in the present state, FIT can only be used
to study long-term responses to constitutive interaction, as opposed to imme-
diate downstream events. Many phosphorylation events, for example, lead to
rapid responses (within seconds), followed by densensitization and/or feed-
back inhibition to attenuate the signal. FIT depends on the introduction of
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expression constructs,and the synthesis and accumulation of Zip-tagged pro-
teins, a relatively slow process. To address this, efforts are underway to estab-
lish an inducible FIT system, where association between a kinase and a sub-
strate can be induced rapidly in the cell. Various systems have been described
in which the heterodimerization of two proteins can be rapidly induced by
cell-permeable small-molecule chemical inducers of dimerization [2, 14], but
we have not yet demonstrated that such systems are compatible with FIT-
induced substrate phosphorylation. When available, such an inducible FIT
system would provide us with a tool to study the time-dependence of specific
responses to substrate phosphorylation. For example, the duration of the acti-
vation of the ERK family of MAP kinases after stimulation seems to be a crit-
ical factor in determining the physiological response elicited in the cell [30,
42].

One aspect of the FIT strategy that should be considered is that positive
results obtained by this approach will be much more informative than nega-
tive results. For example, if it is observed that the specific phosphorylation of
cortactin leads to increased cell migration in SYF cells, it can be inferred that
tyrosine phosphorylation of cortactin is important for cell migration. If, on
the other hand, specific phosphorylation of p130¢* does not lead to increased
cell migration, it cannot be concluded that its phosphorylation does not play
a role; it is entirely possible that the specific phosphorylation of p130©s alone
may be insufficient, and that the concomitant phosphorylation of other sub-
strates such as paxillin or scaffolding proteins such as FAK may be required.
This of course could be addressed directly by co-transfecting multiple ZipB-
tagged substrates. However, a more general concern is the possibility that
fusion of a particular substrate to the coiled-coil domain may compromise its
function in some way, or that FIT may not promote phosphorylation of the
relevant sites due to steric effects or other reasons. In short, there are many
potential reasons for false negative results with FIT. On the other hand, from a
practical standpoint, false negatives are far less troublesome than false posi-
tives, each of which might take considerable time and resources to track
down.

11.7 Concluding Remarks

In conclusion, the FIT approach can be used to promote a specific pairwise
interaction between two proteins of interest, leading to physiological
responses (such as phosphorylation) which are compatible with downstream
signaling (such as activation of gene transcription). The determination of
which protein-protein interactions and post-translational modifications are
important for mediating normal and abnormal physiological responses might
lead to identification and validation of new targets for treatment of human
disorders resulting from disturbances of signaling cascades. The flood of pro-



180  Alok Sharma, Susumu Antoku and Bruce J. Mayer

teomic information that is now being generated regarding protein-protein
interactions and post-translational modifications will only be useful insofar
as we can validate its functional significance in the cell; FIT is a powerful new
tool with which to begin this all-important validation process. Future
improvements and refinements to this approach, including new artificial
interaction interfaces with a range of affinities in vivo as well as inducible
interaction interfaces, will allow this strategy to be applied to an even wider
range of biological questions.
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12.1 Introduction

12.1.1 Mass Spectrometry as a Modern Approach to Study
Protein-Protein and Protein-Ligand Interactions

Non-covalent macromolecular interactions is nowadays one of the most
challenging fields of postgenomic biology. Genome projects have revealed
that the true complexity of cellular biology exists at the level of proteins
rather than at the level of genes (Pandey and Mann 2000). From the raw
genetic sequences many important properties of proteins, such as three-
dimensional structure, function, cellular or tissular localization or expres-
sion levels, cannot be predicted. These properties are been actively studied
nowadays by proteomics approaches. Other approaches are addressing the
analysis of protein-protein and protein-ligand interactions, and the deriva-
tion of protein networks (Gavin et al., 2002). The understanding of how pro-
teins interact with each other, and with their main ligands, is an issue of fun-
damental interest for the comprehension of cellular functions (Alberts,
1998), as well as for the efficient application of most biomedical or biotech-
nological strategies based on them.

Several experimental methodologies have been used to study non-covalent
interactions involving proteins. Among them, optical spectroscopy (UV
absorption, fluorescence, circular dichroism), nuclear magnetic resonance
(NMR), light scattering, ultracentrifugation, titration and differential scan-
ning calorimetry, Biacore and, in the last few years, mass spectrometry (Hens-
ley and Myszka 2000). Mass spectrometry (MS) has recently emerged as an
effective tool for the study of macromolecules, due to its high sensitivity and
accuracy, fast analysis and low sample consumption (Mann et al. 2001). The
introduction of two soft ionization methods, electrospray ionization (ESI)
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and matrix-assisted laser desorption/ionization (MALDI), has led to a revolu-
tion in the application of mass spectrometry to large biomolecules, including
the analysis of their interactions (Mann et al. 2001). In ESI the liquid sample is
sprayed using a high voltage, forming droplets that, after evaporation of the
solvent, produce multiply charged ions (Fenn et al. 1989; Fenn et al. 1990).
MALDI is based on the co-crystallization of the sample with an excess of a
chemical matrix, generally on a metal surface. By means of short laser pulsed
irradiation, the matrix sublimates carrying the sample molecules to the gas
phase, mainly as monocharged ions (Hillenkamp et al. 1991; Knochenmus et
al. 2003; Karas et al. 2003). MALDI ionization has been frequently used cou-
pled to time-of-the flight analytical procedures (MALDI-TOF) for the separa-
tion and mass measurements of biomolecules (Mann et al. 2001).

12.1.2  Characterization of Non-Covalent Interactions Using ESI

Up to now, due to the softness of this ionization procedure, ESI has been the
most common mass spectrometric approach chosen to study non-covalent
interactions. Some of the complexes detected with ESI-MS involve protein-
small ligand, protein-DNA and protein-protein non-covalent interactions
(Ogorzalek et al. 1993; Veenstra et al. 1997; Loo 1997). Furthermore, the evolu-
tion of ESI into nanoflow-ESI, allowing lower sample consumption and more
native-like ionization, together with the coupling of ESI with time of flight
(tof) analyzers, has made ESI an excellent method used to study intact large
non-covalent complexes (Verentchikov et al. 1994; Wilm and Mann 1996).
Using this approach, macromolecular complexes of more than 1MDa have
been detected, stoichiometry of protein complexes has been derived and the
assembly of multimeric proteins has been studied in real time (Rostom et al.
2000; Sobott et al. 2002).

12.1.3 Characterization of Non-Covalent Interactions Using MALDI

The study of non-covalent interactions by MALDI MS can be divided in two
strategies (Fig. 12.1).

12.1.3.1 MALDI-Based Indirect Methods

When applied to the study of non-covalent interactions, MALDI MS has been
generally used as an indirect method, in approaches consisting of different
methodologies coupled to MS detection. Thus, MALDI MS coupled to hydro-
gen exchange determines the number and location of hydrogens involved in
an interaction by using different hydrogen isotopes (Mandell et al. 1998). Lim-
ited proteolysis followed by MALDI MS has been applied to study DNA-pro-



Chap. 12 Analysis of Protein Interactions by MALDI-TOF MS 185

Fig. 12.1. Schematic representation of the different strategies for the study of protein
interactions by mass spectrometry (MS)

tein and protein-protein complexes, allowing the identification of regions
protected against degradation (Cohen et al. 1995; Kriwacki et al. 2000). Chem-
ical cross-linking analyzed by MALDI-TOF has been used to determine the
spatial organization of multicomponent complexes and stoichiometry of pro-
tein oligomers (Rappsilber et al. 2000; Bennett et al. 2000). Immobilization of
proteins on magnetic beads and on Biacore chips has also been applied to
detect complexes and determine affinity constants between biomolecules
(Nelson et al. 1999). Also, affinity-chromatography followed by MALDI-TOF
mass spectrometry takes advantage of a selection step previous to the identi-
fication of the interacting molecules (Rigaut et al. 1999; Gavin et al. 2002).

12.1.3.2 MALDI-Based Direct Methods

MALDI-TOF mass spectrometry has been rarely used as a direct method to
study non-covalent interactions. Several steps of the MALDI process, such as
sample preparation and laser desorption, generated a concern about its capa-
bilities to detect non-covalent complexes. MALDI sample preparation is gen-
erally carried out by co-crystallization of the analytes with a molar excess of
an organic compound, called matrix, which facilitates energy absorption
(from alaser light) and analyte ionization. This matrix is prepared in the pres-
ence of an organic solvent at an acidic pH, which may give rise to a denatur-
ing environment for biomolecules. Despite this logical concern, a growing
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number of reports have demonstrated that MALDI, in certain conditions, can
be used to detect non-covalent complexes (Farmer and Caprioli 1998). These
reports include the determination of stoichiometry of complexes, the study of
enzyme-substrate complexes and the characterization of leucine zippers
dimers (Woods et al. 1995; Rosinke et al. 1995; Glocker et al. 1996).

Different alternatives have been adopted to overcome the above-men-
tioned MALDI limitations. Milder conditions for sample preparation, raising
the pH and ionic strength of the matrix, has been shown to be useful to main-
tain non-covalent complexes in the gas phase (Woods et al. 1995). Also, the so-
called “first shot” method, based in the use of spectral signals generated by the
first laser shots on parts of the sample not previously irradiated (Rosinke et
al. 1995), has been reported to be more respectful for the integrity of non-
covalent complexes. However, in general, the approaches currently used do
not prevent the spectral signals of the complexes having a low intensity and
low reproducibility compared to those of the individual components.

12.1.3.3 The Intensity-Fading (IF) MALDI-T of Approach

In this work we describe a new direct method to detect the formation of non-
covalent complexes involving any kind of biomolecules, in particular pro-
teins, in solution, by MALDI-TOF MS. This method, called Intensity Fading
MALDI-TOF MS (IF MALDI-TOF MS), allows the detection of non-covalent
complexes through the decrease (fading) of the molecular-ion intensities of
the partners as directly compared to the MALDI mass spectrum of the mix-
ture (problem and control molecules) following the addition of the target
molecule. To show the capability and feasibility of this method, examples of
model interactions, involving enzymes and small protein inhibitors with dif-
ferent affinity for them have been tested. Furthermore, the approach has been
applied to highly complex samples consisting of extracts from invertebrate
organisms. Following this, several high affinity protein ligands for trypsin-
like serine proteases (SPs) and metallo-carboxypeptidases (CPs) from a sea
anemone and from a leech have been identified, in a fast and simple way.

The present work will mainly focus on the description of this procedure
and of the results obtained with such model systems.

12.2 Experimental Procedures

12.2.1 Biomolecule Interaction Experiments

12.2.1.1 General Sample Preparation

Lyophilized samples of PCI and A3PCI were dissolved in 10 mM Tris-HCl
(pH 7.5) at a concentration of 16 pM. Non-binding control (Insulin) were dis-
solved in 10 mM Tris-HCl (pH 7.5) at the concentration which gave similar
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MALDI MS ion intensities to the ligands assayed in parallel (similar concen-
tration). Proteases were diluted in deionized water at 10 molar excess concen-
trations with respect to the counterpart inhibitors. Both the Stichodactyla
helianthus and the Hirudo medicinalis extracts were dissolved in deionized
water at a concentration of 20 mg/ml. These solutions were centrifuged at
8,000 g for 10 min, the supernatants had been processed by a reverse-phase
resin-based protocol to clean and concentrate peptides and small proteins
(Villanueva et al. 2001). The reverse-phase resin-bound molecules were eluted
with 50 % isopropanol, lyophilized and dissolved in 10 mM Tris-HCI (pH 7.5).

12.2.1.2 Protease-Inhibitor Interaction

Incubation of 0.5 pl of each protease inhibitor (PCI and PCI-desCT), 0.5 ul of
the non-binding control and 0.5 pl of 10 mM Tris-HCI (pH 7.5) (control sam-
ple), or 0.5 pl of protease, was carried out for 3min at room temperature. In
the case of the Stichodactyla helianthus and Hirudo medicinalis samples, 1 pl
of the dissolved final lyophilized solutions (see above) was mixed with 0.5 pl
of 10 mM Tris-HCI (pH 7.5) (control sample) or with 0.5 pl of carboxypepti-
dase A or trypsin and incubated for 3 min at room temperature. In the case of
samples labile to proteolysis, it had been found advantageous to use proteases
pre-treated by chemical methods to eliminate their degradative power, whilst
keeping their affinity for protein substrates (i.e. anhydrotrypsin).

12.2.2 MALDI-TOF Mass Spectrometry

All mass spectra were acquired on a Bruker Biflex TOF mass spectrometer
equipped with a nitrogen laser with an emission wavelength of 337 nm. The
spectra were obtained in the linear mode at an accelerating voltage of 19 KV.
Deflection of the low-mass ions was used to enhance the target protein signal.
Spectra were acquired by averaging 50 to 100 shots.

12.2.2.1 Preparation of Samples for MALDI-TOF Mass Spectrometry

Sample preparation is critical for the success of the methodology, as in other
MALDI TOF MS based approaches (Kussmann et al. 1997). An excess of one
component in a mixture may suppress the ion signals of the other compo-
nents. In addition, impurities in a complex mixture may interfere with analyte
detection and reduce sensitivity. Similarly, the preparation of the matrix is
essential: a MALDI matrix preparation close to neutral pH is frequently very
important in obtaining satisfactory results; the MALDI matrices used in this
work had a pH of 5.5 to 6 (see below). Experiments performed using a matrix
containing 0.1 % trifluoroacetic acid perturbed in many cases the complexes
that we studied here. We also noticed that the concentration of organic solvent
is essential to maintain the integrity of our complexes: the MALDI matrices
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used in this work contained 30 % of acetonitrile (which diluted to 22.5 % after
mixing with the aliquots to be analyzed).

12.2.2.2 MALDI-TOF Matrix Preparation

After a series of trials,a 30/70 % (v/v) acetonitrile/deionized water solution at
pH 5.5-6 was the solvent composition for the matrices selected to perform all
of the experiments reported in this work. This allowed keeping the organic
solvent concentration low enough when mixed with the biological sample, at
1/3 sample/matrix (v/v) ratio (see below).

The matrix solution contained 10 mg/ml of sinapic acid or 10 mg/ml of a-
cyano-4-hydroxycinnamic acid (HCCA) in the above described solvent. The
spectral signals of entire complexes (data not shown) were detected by addi-
tion of 1 M amonium citrate to the matrix preparation (30/70 %, v/v, acetoni-
trile/1 M ammonium citrate solution, at pH 6) (Woods et al. 1995).

12.2.2.3 Sample-Matrix Preparation

Aliquots from the protein-ligand interaction model assay, from the assays to
detect the entire complexes and from the biological extracts (Stichodactyla
helianthus and Hirudo medicinalis) were successfully studied by using a mod-
ification of a reported sample preparation method derived from the standard
dried-droplet method (Hillenkamp and Karas 1988; Kusmann et al. 1997).
According to it, 0.5 pl of the matrix is deposited onto the target and allowed to
dry. After this, 0.5 p1 of the sample/matrix (1/3, v/v) mixture is added to the
preformed matrix layer. Shortly after crystallization starts (1-2 min, at room
temperature), 2 pl of cold deionized water is added onto the sample/matrix
mixture, giving rise to a droplet. After 5-10 s the droplet is pipetted off, 0.5 pul
of matrix is added and it is allowed to dry. In our hands, the mixture sam-
ple/matrix 1/3 (v/v) gave the best results, in terms of statistics, to analyze the
complex mixtures described in this work.

12.3 Results and Discussion

12.3.1 Basis for the Detection of Non-Covalent Complexes
by MALDI-TOF MS

The method described here is based on the analysis of the MALDI-TOF M$S
ion intensities to detect the occurrence of complexes between proteins and
biomolecules among model interactions and complex biological mixtures
(Fig. 12.2). The detection is based on a statistically significant fading of the
relative intensities of one or more molecules in a control sample, after the
addition of the target molecule, which can be firmly attributed to a non-cova-
lent complex formation between these molecules. The remaining relative ion
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Fig. 12.2. Scheme of the basis for the detection of non-covalent complexes by intensity
fading MALDI-TOF MS

signal/s (or non binding molecules) are not statistically affected by the pres-
ence of the target. The control molecules selected have no affinity (experi-
mentally demonstrated by other methods referred to in the bibliography, or
by previous trials) to the target, and as a consequence of this, their signal
intensities are not affected by target addition. The results from analyses of all
the ionized species is based on averaged measures (percentages) and the stan-
dard deviation of the relative intensities of all the ionized species represented
in the MALDI-TOF mass spectrum, with respect to the control, before and
after the addition of the target molecule by means of ten independent experi-
ments. The information is represented graphically to examine whether the
relative intensities of some of the ionic species in the sample are statistically
significant or, on the contrary, it is a method error effect.

12.3.2 Suggested Mechanism for “Intensity Fading” (IF-) in MALDI-MS

Our rationale for developing and promoting the use of intensity fading (IF-)
in MALDI-TOF MS is that complexes are more difficult to ionize than the
individual molecules. It seems that the matrix used does not perturb the sta-
bility of the complexes (when acid free), although these ones behave as poorly
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ionizable species. This hypothesis relies on the fading of the ion signals of the
interacting partners after the addition of their targets and on the fact that,
very frequently, faint and broad signals from the complexes are detected at the
same time, at spectral regions corresponding to larger masses.

There are some reports detecting non-covalent complexes by MALDI-TOF,
most of them based on direct visualization of entire complexes by means of
modifications of MALDI-TOF sample preparation, particularly by salt addi-
tion to the matrix (Woods et al. 1995). In the IF MALDI-TOF approach that we
propose, such a procedure of adding salt (i.e. ammonium citrate 1 M) has
been discarded because one of our main goals is to develop a screening
method capable of processing a high number of possible ligands and complex
biological samples. The ionization (and spectral visualization) of non-cova-
lent complexes with saline matrices usually requires trials at different saline
conditions for each case and, besides, generally gives rise to a decline in reso-
lution, sensitivity and reproducibility, limiting the potentiality of the
approach as a massive screening method.

12.3.3 Semiquantitative Determination of the Affinities Between the
Interacting Partners

Given the well-known high sensitivity, easy use and high-throughput capabil-
ities of MALDI-TOF MS, it would be very interesting to tune the IF-approach
for the obtention of quantitative or semiquantitative information about affini-
ties between a selected target (different proteases in our case) and various lig-
ands (i.e. protease inhibitors used in this study). Based on our experiences
and in the recently referred to bibliography (Bucknall et al. 2002), we have col-
lected evidence that MALDI-TOF mass spectrometry can be a useful tool to
obtain such information at the semiquantitative level provided that com-
pounds of similar molecular weight, structural analogs or isotopomers were
incorporated into each analysis. Molecules with similar structure and amino
acid composition usually show similar ionization behavior. One of the main
factors affecting the relative intensity of the ionized molecules during the
acquisition process is their concentration in the matrix. Obviously, this is true
when a homogeneous crystallization of the sample is obtained. The analyte-
matrix co-crystallization is a crucial step for a successful desorption-ioniza-
tion process. An unsuitable co-crystallization can account for a three-dimen-
sional heterogeneous pattern, with spots rich in matrix or in a particular
analyte. On the other hand, proper sample-matrix homogeneity favors the
statistical analysis (by diminishing standard deviation) and subsequent quan-
titation of affinity differences between ligands.

To demonstrate the wild-type form of the carboxypeptidase A, an inhibitor
from potatoes (PCI) (Ki=1.5x10° M) and a site-directed mutant of this
inhibitor (PCI-desCT) (Ki=40x10-% M, with much lower affinity for the
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enzyme)(Marino-Buslje et al. 2000), were mixed simultaneously, at the same
concentration (16 pM), with the target molecule (carboxypeptidase A, CPA).
The reaction conditions were those described in the previous section (see the
Experimental Procedures section), but in this case different concentrations of
CPA were applied in the assay, in a decreasing trend. At CPA concentration
reflecting a tenfold molar excess of protease (165 pM) with respect to the
inhibitors (wtPCI and PCI-desCT), the spectral signals from both inhibitors
disappear from the mass spectrum as a consequence of the binding to the tar-
get (see Fig. 12.3). While gradually diluting CPA, it can be observed a compe-
tition process between wtPCI and A3PCI for the enzyme, with the release of a
higher amount of the latter in solution and therefore a higher relative inten-
sity in the mass spectra. At about 1 pM CPA concentration, the A3PCI mutant
has completely recovered the same relative intensity as in the control spec-
trum, while wtPCI still shows that 50 % of its signal has faded (Fig. 12.3). If
CPA dilution is continued, the spectral signals from both inhibitors recover
the intensities of the control samples and become equivalent.

Further work is required to test whether this approach is able to provide
true quantitative data (i.e. to derive association constants), and to tune it with
such a purpose. However, by now it gives qualitative or semiquantitative infor-
mation about affinities between the added enzymes and various ligands in the
examined solution. Molecular ion intensity differences between the inhibitors
at decreasing concentrations of CPA can be correlated with their different
binding affinities, experimentally obtained by classic enzymologic methods
(Marino-Buslje et al. 2000). In the case described above, it is clear that PCI is a
better ligand than A3PCI.

Fig.12.3.
Changes pro-
moted in the rel-
ative intensities
(RI) of the pro-
tein molecules
wtPCI and PCI-
des CT after the
addition of CPA
at decreasing
CPA concentrations (uM) concentrations

Relative Intensity
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12.3.4 Detection of Protein Ligands in Complex Samples

Once the methodology was set up with model molecules the next step was to
apply it to complex samples. With this aim, highly heterogeneous extracts
from invertebrate organisms were analyzed by MALDI-TOF MS to detect pro-
tease inhibitors, assaying the effect of the addition of different proteases on
their mass spectra. Two kinds of invertebrate organisms, which have been
revealed as an important source of bioactive molecules, were used for such a
purpose: the sea anemone Stichodactyla helianthus and the aquatic leech
Hirudo medicinalis. Protease inhibitors, cytolysins, cardiotoxins, and neuro-
toxins have recently been isolated from these organisms (Delfin et al. 1996;
Lanio et al. 2001; Schoofs and Salzet 2002).

12.3.4.1 Ion Suppression Effects in MALDI-TOF MS, and Sample
Preparation for Complex Biological Samples

A remarkable MALDI causative phenomenon of many problems encountered
in the direct analysis of complex mixtures by MALDI-TOF MS is the “ion sup-
pression effect”. It takes place at both the matrix-analyte (matrix suppression
effect, MSE) and analyte-analyte (analyte suppression effect, ASE) reactions
competing for analyte jonization associated to MALDI (Knochenmuss et al.
2000; Knochenmuss and Zenobi 2003; Karas and Kruger 2003). We have found
that this phenomenon is particularly important when working with very com-
plex samples (composed of many analytes with different properties and proton
affinities), the relative intensity ion signals of their components been fre-
quently affected by each other,and by the addition of a perturbing partner,ina
different extent. The reasons of such behavior are probably multiple, such as
competition among analytes for a proper ionization, and an unequal desorp-
tion/ionization process of the sample as a consequence of the three-dimen-
sional variation in the pattern of analyte-matrix co-crystallization,among oth-
ers (Zhu et al. 1995; Knochenmuss et al. 2000; Knochenmuss and Zenobi 2003;
Karas and Kruger 2003). The minimization of these problems is essential, in
order to obtain trustable results with the Intensity-fading approach .

To reduce these problems we have found that it is essential to carefully pre-
pare the sample, in order to avoid contaminants that might interfere with a
good and homogeneous co-crystallization with the matrix, with the stability
of the complexes to be analyzed, and with the proper ionization of the molec-
ular species. The removal of salts, buffers, detergents and denaturants from
the sample, in the first step, is of great help. Also, a careful selection of matrix,
and analyte relative concentrations, adjustment of pH, crystallization condi-
tions, use of additives and on-target sample clean-up, are important factors in
the second step.

We frequently perform the first step by means of an RP-cleaning protocol
for crude extracts to concentrate proteins and peptides and minimize the
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effects of salts and impurities (Villanueva et al. 2001). However, in order to
apply IF MALDI-TOF for screening studies on complex biological samples or
proteomes, we recommend the pre-fractionation of the biological extract by
simple and fast true chromatographic techniques or a combination of them,
to reduce the analyte-analyte suppression effect. As shown in Fig. 12.4,a sim-
ple size exclusion chromatography can greatly improve the number of ion-
ized species (proteins) visualized in the leech extract used as a model. Fig-
ure 12.5 shows a comparison between the direct MALDI-TOF spectrum of
the same sample (upper part) and the composite spectrum obtained by over-
lapping the spectra from eight fractions from the size exclusion chromatog-
raphy (lower part). More than twofold ionized species can be observed in the
second one.

In the present case, and for the second step, the choice of matrix has to be
adapted to the properties of the analytes. Sinapic acid 10 mg/ml in 30%
CH,CN:H,0, acid free (pH 5-6), has been found to be our best matrix for pro-
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Fig.12.4. Prefractionation of complex biological samples before MALDI-TOF MS. A Size
exclusion chromatography in a Superdex Peptide HR 10/30 of 2 mg of Hirudo medici-
nalis saliva extract. Fractions of 0.5 ml were collected. B MALDI-TOF MS analysis of
seven of the collected fractions during the size exclusion chromatography. C MALDI-
TOF MS of a Hirudo medicinalis extract before (above) and after (below) mixing with
carboxypeptidase A (CPA)
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Fig. 12.5. Comparative analysis of the direct MALDI-TOF MS of the Hirudo medicinalis
extract (above) and of the composite spectrum (below) generated by overlaying the
seven MALDI-TOF spectra of Figure 12.4B

tein models and complex biological samples in IF MALDI-TOF analysis. The
application of this matrix at a volumetric ratio of 1:3 (sample:matrix) for
complex biological mixtures provides excellent results in terms of homogene-
ity co-crystallization on the MALDI target, and mass resolution, sensitivity
and reproducibility among MALDI-TOF spectra. The addition to the sample
of a non-interacting protein, of adequate mass, as an internal reference, is also
a useful probe to control the ion suppression effects.

12.3.4.2 Leech Saliva IF MALDI-TOF Analysis

As previously mentioned, heterogeneous extracts from invertebrate animals
were used to test the feasibility of applying the “Intensity-fading” (IF-)
approach to complex samples. Figure 12.4C shows the MALDI-TOF mass
spectra corresponding to an extract from the saliva of the aquatic leech
Hirudo medicinalis before and after the addition of bovine CPA, the selected
target for binding. After the reaction with CPA, one peak of the MALDI-TOF
mass spectrum with a m/z of 7326 clearly fades. By mass spectrometry analy-
sis, and also by parallel HPLC fractionation and protein sequence analysis,
such a peak has been identified as the Leech Carboxypeptidase inhibitor
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Fig. 12.6. Silver stained 2D-Electrophoresis in acryllamide gels of the standard pattern
of Hirudo medicinalis saliva. A previous isoelectrofocusing (pH 4-7) was performed

(LCI), a 66 residues protein previously reported by our group (Reverter et al.
1998; Reverter et al. 2000). Figure 12.8A shows a plot of the changes in some of
the molecular jons present in the mass spectrum of the same extract after
reaction with CPA (data of ten independent experiments were used to draw
the plot). The results demonstrate that only the molecular ion with a m/z of
7326 is statistically affected by the addition of CPA.

It should be mentioned that we have focused our analysis only on proteins
from the leech saliva with molecular masses below 15.000, because this is the
span of greater interest for our present purposes and also because this is the
spectral range in which MALDI TOF spectrometer shows its best capabilities.
However, the protein content of such a sample is also very rich above that size
threshold, as shown by a standard 2D-electrophoresis analysis on acrylamide
gel, in the pH range 4-7, which is displayed in Fig. 12.6. After scanning and
computational analysis, we have estimated that the number of spots on it is
above 600. This figure probably would be much higher if the analysis is per-
formed in a more accurate way (i.e. in a wider pH range, and with smaller
loadings, giving rise to sharper spots). Therefore, given that this is not a sim-
ple sample, we should expect that significant signal suppression effects take
place on its mass spectrometry analysis.
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12.3.4.3 Sea Anemone Extract IF MALDI-TOF Analysis
12.3.4.3.1 Trypsin as the Target Molecule

Figure 12.7 shows the MALDI-TOF mass spectra corresponding to the whole
body extract of the sea anemone Stichodactyla helianthus before and after the
addition of bovine trypsin. After the reaction with trypsin, one signal of the
MALDI-TOF mass spectrum, with a molecular mass of 6110 m/z, has been
assigned as the Sphl-1 Kunitz protease inhibitor (Delfin et al. 1996). The isola-
tion of this species by HPLC, followed by sequencing of its nine N-terminal
residues by Edman degradation, confirmed such identification. Figure 12.8B
shows a plot of the relative intensities of some of the molecular ions present in
the MALDI-TOF mass spectrum of such an extract after the reaction with
trypsin (data of ten independent experiments were used to draw the plot). It
is evidenced that only the molecular ion with a m/z of 6110 is statistically
affected by the addition of trypsin.

Fig.12.7. Intensity fading MALDI-TOF MS of a sea anemone extract. A MALDI-TOF MS
of a Stichodactyla helianthus extract before (above) and after (center) the addition of
carboxypeptidase A (CPA). The effect of competition with the potato inhibitor of car-
boxypeptidase A (PCI), added in excess, is shown (below). B MALDI-TOF MS of a Sti-
chodactyla helianthus extract before (above) and after (below) mixing with trypsin
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12.3.4.3.2 Carboxypeptidase A as the Target Molecule

Figure 12.7 also shows the addition of bovine carboxypeptidase A instead of
trypsin to the extract which gives rise to the fading of another spectral signal
with a m/z of 3484. In order to validate a detected interaction with sufficient
confidence, we believe that a convenient procedure is to perform a competi-
tion assay with a known competitive partner (an exogenous inhibitor in our
case, desirably with a similar or stronger affinity). If the fading is reversed by
the addition, a direct and elegant MALDI-based prove is provided which, at
the same time, may confirm the specificity of the interaction. In our selected
case, the recovery of the spectral signal of the 3484 m/z compound in a com-
petition assay with PCI (the potato carboxypeptidase inhibitor), added in
excess, gives us confidence that such a signal corresponds to a true CPA bind-
ing molecule (Fig. 12.7A, lower), probably interacting in a similar site of the
enzyme (the active site). A similar IF MALDI-TOF assay could also be carried

Hirudo medicinalis

%Relative Intensity

Molecular masses

Fig.12.8. Intensity-fading of the saliva from saliva from the aquatic leech Hirudo medi-
cinalis. A Plot of the %RI of some of the molecular ions present in the mass spectrum of
the Hirudo medicinalis extract after reaction with CPA, with respect to the RI of the con-
trol (before CPA addition). The dotted line indicates the %RI of the ionized species
before CPA addition. Ten independent experiments were used to draw the plot.
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Stichodactyla helianthus

Molecular masses

Fig, 12.8. (Continued) B Plot of the % RI of some of the molecular ions present in the
mass spectrum of the Stichodactyla helianthus extract after reaction with trypsin, with
respect to the RI of the control (before trypsin addition). The dotted line indicates the
%RI of the ionized species before trypsin addition. Ten independent experiments were
used to draw the plot

Stichodactyla helianthus

Molecular masses

Fig. 12.8. (Continued) C Plot of the % RI of some of the molecular ions present in the
mass spectrum of the Stichodactyla helianthus extract after reaction with CPA, with
respect to the RI of the control (before CPA addition). The dotted line indicates the %RI
of the ionized species before CPA addition. Ten independent experiments were used to
draw the plot
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out at different concentrations of the target molecule and/or at different pH
and temperature conditions to verify the interaction. Figure 12.8C represents
the results of repeated assays, showing that only the molecular ion with a m/z
of 3484 is statistically affected by the addition of CPA.

12.4 General Discussion

One of the great challenges nowadays in molecular and cellular biology is the
characterization of the network of interactions established by every protein
and its neighbors in each cellular and tissular locations, and the changes suf-
fered by such networks along development (Gavin et al. 2002). Although the
methodologies focused on such a purpose are more powerful (i.e., sensitive
and capable of massive analysis) and reflecting (in some cases) in vivo states,
further technological developments for less demanding (but, nevertheless,
quite complex) biological extracts are still required . Here we have described
an approach based on the use of MALDI-TOF MS ion intensities to detect the
formation of complexes between proteins and other ligands in biological
samples. We call it intensity fading (IF-) MALDI-TOF MS because it follows
the decrease produced in the intensity of the spectral signal of the partners
when they interact (Villanueva et al. 2003). The simplicity and rapidity of the
approach, together with its high operational sensitivity, should prove a valu-
able tool for many biological and biotechnological applications.

Although here we have focused our attention on the analysis of protein-
protein interactions, either in simple or in complex biological mixtures, we
have evidence that it may be used for detecting and characterizing the inter-
action of proteins with many other ligands (peptides, nucleotides, organic
molecules, large macromolecules ...) (Villanueva et al. 2003). The approach
should be applicable to study interactions established between any kind of
“problem” biomolecules, providing that they are analyzable by MALDI-TOF
MS and that their complexes are stable in the conditions used for MALDI-TOF
sample preparation.

Our procedure should also facilitate the derivation of binding affinities (by
measuring spectral signals at different ratios between the partners). More
research should be done on this issue, to explore the best conditions for such
quantification. By now, we think that our approach is more trustable at the
qualitative and semiquantitative levels.

The strategy described here for characterizing in-depth the detected lig-
ands in complex mixtures has been quite simple, following rather traditional
approaches, generally through their fractionation in parallel HPLC experi-
ments and subsequent sequencing or spectroscopic analysis of the isolated
species. However, nowadays it should be feasible to perform such a character-
ization in a continuous (and quite automatic) way using additional stages of
physical fragmentation of the selected molecular ion of the ligand, followed
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by analysis of the fragmentation pattern (i.e., MS/MS or MS" variants). Also, it
should be feasible that differential screening of very complex biological sam-
ples of various sources (tissues or fluids, along the development, normal and
pathogenic, from different organisms) can be performed in a high-through-
put way, following the current approaches of proteomics.

It is worth mentioning the tremendous analytical power that could be
expected for MALDI-TOF MS, either through the proposed Intensity-fading
(IF-) approach, or by the use of more technological demanding approaches
(such as MS/MS variants above mentioned), if the signal suppression effects
(Knochenmuss and Zenobi 2003; Karas and Kruger 2003) are further mini-
mized or eliminated. The great improvement observed in the number of
resolved spectral peaks, of molecular species, when simple pre-fractionation
procedures are applied (such as gel filtration), as previously shown, confirms
such potentiality and the impact of the signal suppression problem. There-
fore, this is an issue that clearly deserves further investigation.

No doubt that the simplicity of the operation and interpretation, fast analy-
sis, great sensitivity, tolerance to salts and contaminants of small molecular
mass, and other relevant properties of MALDI TOF MS will keep attracting
the interest of scientists for further application to research fields at the inter-
faces between many disciplines around protein science (protein chemistry
and biophysics, molecular and cellular biology, proteomics, drug discov-
ery...) that may benefit from such properties. Recent reports on diverse
applications for the monitoring of protein expression, post-translational
modifications analysis, protein folding and stability studies, and protein con-
formational analysis, among others, some of them contributed by our groups
(Villanueva et al. 2000, 2001, 2002), are examples of such a trend.
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13 Accelerator Mass Spectrometry in Protein
Analysis

JouN S.VOGEL, DARREN J. HILLEGONDS, MAGNUS PALMBLAD,
PATRICK G. GRANT and GRAHAM BENCH

13.1 Introduction

Tools for protein quantitation have advanced through several phases. Com-
mon proteins in readily studied sources, albumin and globulins in plasma,
were discovered in the nineteenth century and quantified by gravimetric
mass determination of chemical precipitates. Finer fractionations and scales
led to quantitation of increasingly less common proteins, but the method has
obvious limits. Some proteins, enzymes, are quantified by their activity, mea-
sured as the increasing chemical product or a shrinking amount of substrate.
No absolute quantitation of enzyme concentration is available without having
a well-known standard for each enzyme expressing a particular action.
Immunochemical methods successfully quantitate proteins, as long as anti-
bodies are selective for the protein under study. Standard curves are required
for quantification, since binding affinities are sensitive to assay conditions.
Non-specific interactions further confound quantitation. Electrophoretic and
chromatographic separations allowed analysis of even smaller concentra-
tions, with quantitation accomplished through various optical properties,
such as absorbance, fluorescence, or chemiluminescence. Not all proteins are
responsive to the latter effects, and optical density measurements often have
large uncertainties and poor sensitivity.

The application of 2D gel electrophoresis as a primary tool for proteome
analysis led to a range of sensitive stains that make optical (including UV and
X-ray) densitometry more quantitative (Rabilloud et al. 1994, Tuma et al.
1999). These stains still suffer from limitations in a dynamic range and varia-
tions among proteins, depending on protein structure and composition. Mass
spectrometry is rapidly becoming the tool of choice for exploring proteome
diversity at a very low copy number, because it has exquisite resolution of pro-
tein and peptide molecular mass, and hence identity. Variations in ionization,
fragmentation, and detection response across the protein mass range lead to
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complexity in quantitation (Arnott et al. 1993, Giometti et al. 2002). This is
partially solved by incorporation of isotopically distinct internal standards at
known or control concentrations that are resolvable and comparable to the
protein being quantified. The results are only comparative, however, and not
absolute. Stable isotopes are used in this tagging (Gygi et al. 2002, Keller et al.
2002) which quantitates differences in identical proteins among two or more
separate experiments. Radioisotope labels on proteins are linearly quantified
over large dynamic ranges with low backgrounds in gel separations (Lees and
Richards 1999) but suffer from high radiation dangers, especially for short-
lived isotopes that provide the highest sensitivities. This is inherent in the
detection of radioisotopes using their decay products. Here, we discuss a mass
spectrometry quantitation of radioisotopic labels that provides quantitation
over a wide range with a low background at very low radiation levels, often
below the levels defined for radioactive waste.

Radioactivity, measured in decays per minute (dpm), is an inefficient mea-
sure of the quantity of the atoms present for isotopes with half-lives greater
than about 10 years. Radiocarbon (1“C) is a good example of an isotope that is
frequently decay counted for biochemical applications as well as for carbon
dating of previously live materials, including humans. The half-life of *C is
5730 years, to give a mean life [=t, ,/In(2)] of 8270 years or 4.35x10° min. The
radioactivity of a sample is just the number of 1“C in the sample divided by the
mean life. Thus, 1 dpm requires 4.35x10° 14C atoms in the sample. Quantifying
1% of the '“C in a sample requires continuous counting for 1% of the mean
life, or 82.7 years. The inefficiency is less striking for tritium, but 1 dpm still
represents 9.6 million tritium atoms. The inefficiency is much worse for long-
lived isotopes such as 26Al (t,,,=750,000 years), 3Cl (t,,,=350,000 years), or
41Ca (t,,=104,000 years)(Vogel et al. 1995). This problem led to the develop-
ment 25 years ago, of high energy mass spectrometers whose function was to
count these atoms directly, without regard to their decay properties(Muller
1977, Nelson et al. 1977). Carbon dating was the primary impetus for develop-
ment of this accelerator- based mass spectrometry (AMS), but the technique
has been applied to biochemical studies for over a decade (Turteltaub et al.
1990).

The sensitivity of AMS is demonstrated by the archaeological use: plants
and animals that are in equilibrium with the biosphere (that is, alive) have
natural “C in them from atmospheric sources at about 100 attomoles (amol)
per mg of carbon, an amount that is called Modern. Agriculture rose shortly
after the end of the last large ice age, about 10,000 years ago. The collagen
from a bone of a person who has been dead for 10,000 years contains 30 amol
!4C per mg carbon (30% Modern). A sample of this collagen would have to
contain 240 g of carbon to be decay counted at 10 dpm, taking 17 h to get
10,000 counts. An ancient bone or artifact often had to be destroyed to be car-
bon dated using decay counting (Nelson et al. 1986). Fifty thousand year old
carbon contains only 0.25 amol “C per mg C (0.25 % Modern) and was rarely
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dated prior to AMS, although this time period includes the displacement of
Neanderthals by Cro-Magnons in Europe and the beginning of migration of
peoples toward the Americas. AMS dates the '“C in a mg of carbon back to
around 50,000 years, quantifying a few hundred zeptomoles (zmol) of 1C to
10 % precision or better. AMS count rates are several hundred per second for
Modern material. AMS precision exceeds 1% for Modern materials, again
providing zmol sensitivity for isotopic labels above the natural level of *C.
Biochemical tracing is not limited by the natural concentration of C, but
AMS does have operational upper limits at concentrations of about 1000
Modern, or 100 fmol C per mg carbon, providing a linear dynamic range of
5 orders of magnitude from zmol to fmol. This range corresponds to 10-¢ to
0.2 Becquerel (Bq) or 30x107¢ to 0.5 picoCuries (pCi ), emphasizing that
radioisotopes are used at low radiation exposure.

The dynamic range of protein concentrations range over 10 or 11 orders of
magnitude, so even AMS cannot cover the entire complement, but AMS has
precise quantitation at amol levels that is not available by other means. AMS is
particularly suitable for tracing isotope labeled compounds in humans for
kinetic and dynamic studies, because both the radiation dose and the chemi-
cal dose can both be very small. Adult humans contain about 100 nCi
(3.7 kBq) of *C, which is not the dominant radioisotope naturally found in
people. Nutrition research with AMS typically uses 100 nCi of labeled nutri-
ents (Buchholz et al. 1999, Dueker et al. 2000) that expose the volunteer to a
smaller radiation risk than is obtained in a short airplane flight. Here, we have
applied AMS, and other technologies based on energetic ions, to the study of
protein binding in vivo and to high sensitivity amino acid sequencing to
determine protein identity. The technique is becoming more available in the
research community.

13.2 Accelerator Mass Spectrometry

AMS obtains high isotope counting efficiency using the method outlined in
Fig.13.1. Atoms from about 1 mg of carbon are ionized with an added electron
and accelerated to a moderate energy before a mass analysis at mass 14. The
vast majority of these ions are molecular hydrides of the lighter carbon iso-
topes: 12CH,, 12CD, and '3*CH. Nitrogen, the dominant mass 14 isotope, does
not form a negative ion and does not appear in the initial ion beam. As in MS-
MS, molecules are broken by collisions in a thin foil or gas cell. Macromole-
cules dissociate at kilo-electronVolt (keV) energies, but an acceleration
through several million Volts is necessary to destroy hydrides in a single colli-
sion. Insulation for millions of volts meant that the initial spectrometers,
based on nuclear physics accelerators, were building-sized instruments. More
recently, multiple collisions at sub-megaVolt potentials have been used to
destroy these molecules, ushering in a series of smaller and more affordable
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Fig. 13.1. Schematic of the basic ideas behind AMS: tandem mass spectrometry with a
charge-changing collision cell at 1 million V potentials between the spectrometer ele-
ments. Each ion is fingerprinted by how it loses energy in the final detector

spectrometers (Hughey et al. 2000, Synal et al. 2000, Ognibene et al. 2002).
Molecular dissociation produces positive ions that accelerate away from the
high positive potential back to ground potential. Multiple magnetic and elec-
trostatic elements follow the accelerations and molecular breakup to select
the desired high energy *C ions from the molecular debris composed of H, D,
7Li,"2C, and !*C. This selection is effective to parts per billion or better and
reduces the filtered ion stream to hundreds of particles per second. Transport
through the high energy spectrometer ends in a detector that uniquely iden-
tifies each ion by quantifying how quickly it loses energy in a gas cell.

The specificity of AMS lies in the two processes that require high energies
provided by inclusion of an accelerator in the mass spectrometer: destruc-
tion of molecular isobars in energetic collisions, and identification of high
energy ions through quantification of energy loss. These two processes are
present in AMS detection of all isotopes and are straightforward for *H and
1C, because their nuclear isobars (isotopes of other elements having the
same mass as the counted ion) do not form negative ions. Other isotopes use
specific chemical and jonization tricks to reduce nuclear isobars to levels
that can be handled by the identifying detector. AMS is used in isotope ratio
mode by momentarily pulsing the mass 13 negative ion beam through the
spectrometer, with the accelerated >C ions being counted in a Faraday cup
in the analysis stage. Samples of standard materials are quantified intermit-
tently among the samples to provide normalization to recognized “C con-
centrations (Vogel et al. 2002).

Samples are introduced into the cesium bombardment ion source as ele-
mental carbon. All samples are first combusted to a well mixed homogeneous
form, CO,, that is then reduced to elemental carbon on an iron-group catalyst
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(Vogel 1992). The process requires from 0.1 to 1 mg of carbon, much of which
can be below '“C carrier carbon in the case of very small biological or chemi-
cal isolates. A 3 mm diameter plug from a 1-mm-thick 15 % acrylamide gel
contains about 0.5 mg carbon, making an excellent low background carrier
for any protein and the “C isolated with it.

13.3 Biomolecular Targets of Labeled Compounds

Environmental toxins are activated during metabolism to chemical forms that
readily bind to proteins and DNA. Quantifying such binding in animal hosts
and human volunteers has been a common application of AMS over the past
decade (Dingley et al. 1999, Mauthe et al. 1999). We have recently used [“C]-
diisopropylflurophosphate (DFP) as a reporter compound to quantitate the
effects of co-administered chemicals in related pesticide families on the pro-
tein retention of DFP in mouse plasma, brain, and other tissues (Vogel et al.
2002). The samples were taken 48 h after dosing, well after all unbound DFP
was metabolized and excreted. We now use these tissues to identify the in vivo
target proteins of DFP. Previous studies of target proteins in chickens and rats
have involved adding isotope labeled DFP to homogenized brain tissue (Car-
rington and Abou-Donia 1985, Richards et al. 1999). Since DFP binds cova-
lently to a wide class of serine hydrolases, including esterases and proteases,
the biological importance of the relative protein binding in tissue homo-
genates is poorly defined. We used very small doses of DFP (1 pug kg!) admin-
istered in the food of unstressed mice to discover the relative in vivo binding
to targets without inducing toxicities or behavioral changes.

Complete protein target specification uses 2D gel electrophoresis, with spot
localization by stain followed by excision. However, we wish to avoid ambigu-
ities of staining, lest a low copy protein that has a strong affinity for the
labeled compound be missed. This is unlikely with the DFP case in point, but
the approach needs to be general. Dicing the entire 2D gel for AMS quantita-
tion at 100x100 pixels would produce 10,000 samples. This creates too many
samples for routine use or funding, representing about 1 million US$ worth of
measurements. Instead, we make virtual 2D gels by 1-1.5 mm sectioning of
both a 1D isoelectric focusing (IEF) gel strip and an SDS PAGE molecular
weight (MW) lane of the same protein sample. The high sensitivity of AMS
means that the gels need not be overloaded to enhance detection, leading also
to better gel reproducibility.

Representative *C-"density” plots are shown in Fig. 13.2 (MW gel) and
Fig. 13.3 (IEF gel) for plasma proteins from a mouse dosed with 30 ng (2 nCi)
of *C-DFP. The optical density of the Coomassie stained MW gel is shown in
Fig. 13.2 as a shaded area. Albumin was not removed prior to analysis and
caused an excessive bulge out of the lane around 60 kDa. The highest fraction
of protein binding also occurs in this mass range, but is not related to non-
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Fig. 13.2. AMS quantitation of bound [*C]-DFP is shown for an SDS-PAGE gel lane of
mouse plasma proteins. Optical density of the Coomassie stained lane is shown as the
shaded area (arbitrary scale), and the location of molecular weight markers are shown in
another lane. Zeptomoles of bound DFP were quantified from the AMS isotope ratio
using the known amount of carbon in each piece of excised gel

pl

Fig.13.3. AMS quantitation of bound [**C]-DFP is shown for an IEF gel lane of mouse
plasma proteins
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specific albumin binding, as shown in Fig. 13.3. The greatest *C content of the
IEF strip occurs at a pI of 6.5, and relatively little signal is found at the albu-
min pI of 5.5. An expected plasma target of DFP, butyrl-cholinesterase has a
MW of 65 kDa and a pI of 6.54, matching the primary binding locus of the 1“C
in our virtual 2D gel. About eight of the IEF peaks correspond to what can be
likely seen as serine hydrolase proteins. This assignment of target is not con-
clusive, of course. Even a tryptic digest and mass spectrometric analysis of the
protein(s) in the narrow IEF peak cannot confirm that the binding is to the
cholinesterase. The technique can best quantitate differential effects. Pertur-
bations to this and other significant peaks quantify changes in plasma bind-
ing patterns of similarly dosed mice that are undergoing stress, co-adminis-
tration of chemicals, or other stimulations. The differential effects are
quantitated not only between differently treated animals, but also among the
proteins from each animal. The quantitative level of the data is emphasized by
the vertical scales and error bars of the two figures. The bound DFP, which has
on average more than 2 “C’s per molecule, is quantitated at tens to hundreds
of zmol.

13.4 Specific Binding Affinity

The sensitivity of AMS for quantitating bound compounds is not matched by
the quantitation of the amount of protein to which the labeled compound is
bound. Thus, uncertainty in specific affinity of proteins for natural or anthro-
pogenic substrates is dominated by difficulties in measuring protein
amounts. Common methods, including those aimed at improved sensitivity
and dynamic range, make use of optical properties of proteins or stains
bound to them. These depend on chemical structures and are not indepen-
dent of the nature of the protein. We sought a method that would be indepen-
dent of chemical structure. Energetic ions lose energy while passing through
materials in well understood interactions with atomic electrons (Berger et al.
2000). These interactions do not depend on chemical bonds and are linearly
proportional to the total number of electrons in the ions’ paths. Thus, the
average energy loss of an accelerated proton, alpha particle, or other atomic
ion is directly proportional to the amount of material through which it passes
(Lewis 1968). We use this property to measure protein masses by passing
energetic alpha particles (5.3 MeV) from the radioactive decay of 2'°Po
through a thin (150 nm) silicon nitride (SiN) window on which a purified pro-
tein sample has been deposited by pipette or electrospray.

Figure 13.4 shows the energies of alpha particles that passed through vari-
ous parts of a 1.5-pg protein sample placed on an SiN window. Most of the
ions pass through parts of the window that have no protein, forming a peak at
the same energy as seen on the blank window alone (correcting for any elec-
tronics drift using the pulser’s peak). A number of ions passed through
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Fig. 13.4. Alpha particle energy spectra from 2'°Po taken through a 150-nm-thick SiN
window, both before and after pipetting of 1.5 pug of BSA onto the window. Particles pass-
ing through areas containing protein lose more energy than the ones passing through
only the SiN. The average energy loss of all particles is used to quantitate the total
amount of protein on the window. An electronic pulser allows corrections for electronic
drift

enough protein to lose about 400 keV, forming a broad peak to the left of the
blank window’s peak. Thinner parts of the protein spot remove less energy
from the transmitted alpha particles, producing the counts added to the low
energy side of the blank peak. An algorithm is used to calculate the average
energy loss and hence the average protein density on the exposed SiN win-
dow. This number provides a measure of the total protein mass. Measure-
ments of six BSA samples pipetted onto separate windows at a nominal 1.5 pg
apiece in a 1 pl of water yielded a mean and standard error in the mean of
1.554+0.073 pg, a 4.7 % relative standard deviation.

The precision of AMS quantitation was used to check the linearity of the
energy loss measurements over a range of 50 ng to 5 pg of [!*C]-BSA on the
SiN substrates. Protein aliquots were pipetted onto windows that were made
to fit within our usual AMS combustion tubes, quantified by energy loss of
alpha particles, converted to an AMS “C sample, and analyzed for their “C
content. Note that the same aliquot of protein was used both in the mass
determination and in the AMS quantification of *C. This removes the uncer-
tainty in protein binding that arises from using separate aliquots in different
analytical modes. The BSA specific “C activity was then used to also derive
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the masses of spotted protein. Figure 13.5 shows the correlation of the mass by
energy loss quantitation (MELQ) with the mass determined by isotope count-
ing with AMS. The solid line shows perfect concordance, and the dotted lines
show 10 % deviations. The present system quantifies to £20 % down to about
100 ng, showing linearity to 5 pug. The solubility of protein in pure water lim-
ited these experiments to this range, but electrospraying the protein onto the
window will deliver more massive samples without this limitation. The system
should show perfect linearity to hundreds of micrograms for these aerosol-
deposited samples.

13.5 Attomole Edman Sequencing

Gas phase Edman sequencing using HPLC identification is a standard and
commonly used method for obtaining de novo amino acid (AA) sequences of
small amounts of unknown proteins. Capillary column HPLC readout of the
derivatized amino acids has pushed Edman’s sensitivity to femtomole levels,
but signal to noise ratios have proven hard to maintain at lower quantities.
Radioisotopes have extremely high signal to noise ratios if detected efficiently
by AMS, and an AMS-Edman sequence technique has been demonstrated
(Miyashita 2002). Retention of signal, rather than background noise, is the
limiting factor in processing attomoles of an isotope-labeled moiety through
such a complex system. This was solved by expressing protein in cells growing
on a “C-containing substrate. Labeled protein was diluted to the fmol range
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and sequenced in the presence of a large excess of an unlabeled protein
(25 pmol beta-lactoglobulin) in a 477 automated sequencer with a 120A HPLC
(PE Biosystems). The phenylthiohydantoin (PTH) AA derivatives from the
lactoglobulin passivated the surfaces of the reaction chamber, the transport
tubing, and the HPLC medium. The PTH-AA peaks were collected as fractions
and each assayed for “C by AMS for each Edman cycle. Full peak collection
was assisted by the presence of equimolar amounts of all possible PTH-AA,
provided by peptide-coated beads that were also in the reaction chamber.
These beads produce equal amounts of all PTH-AA’s on each cycle. These pas-
sivation and peak defining methods are the keys to having sufficient sample
recovery for amol samples of isotope labeled protein. These methods can only
be used, however, if the protein being sequenced contains a chemically invisi-
ble label that provides distinction from the passivating and marker proteins,
such as an isotope.

Figure 13.6 shows the first 6 PTH-AA peaks of 1.76 fmol of [*C]-glu-
tathione sulfur transferase (GST) sequenced in this manner. Note the single
AA peak per cycle in the AMS response, showing a very clean transport and
isolation of each PTH-AA through the HPLC. The fourth AA is proline, which
does not fully derivatize during its cycle, and the following HPLC scans con-
tain successively more, but easily distinguished, peaks. There is insufficient
carbon in the HPLC eluents after evaporation of the eluting solvents, so a well-
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Fig. 13.6. The first six HPLC spectra are shown for an Edman degradation analysis of
1.8 fmol of [1C]-GST. Carryover of lysine from the third cycle is seen, but multiple peaks
are prominent only after the poorly derivatized proline in cycle 4
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defined amount (1.19 mg) of carbon is added to each fraction to enable
absolute quantitation of the amount of PTH-AA from the measured isotope
ratio. This carrier compound contained 10 amol of “C per mg carbon, which
was subtracted from the plotted data.

The ultimate sensitivity of the sequencing was determined by obtaining the
first three PTH-AA’s of successively smaller samples. The amounts of mea-
sured PTH-AA for the three cycles are shown as functions of the applied pro-
tein quantity in Fig. 13.7. The concentration of the applied samples was also
quantified by AMS and showed the expected non-linearity of serial dilutions
at such low concentrations. The limit of quantitation (LOQ) was set at five
times the standard deviation of the non-peak HPLC fractions for each cycle.
The LOQ for the first cycle was 30 amol, and nearly the same for the other two
cycles. The overall efficiency of the method (protein to PTH-AA) varied from
55 % for the first cycle to 20 % for the third cycle. Repetitive yield over ten
cycles was 88 % per cycle at 1.8 fmol. The method is admittedly cumbersome
in that 20 samples are measured for each Edman cycle, but the quantitation of
each cycle is absolute, and the 200 samples required for ten cycles are easily
measured in a single day of AMS. The general lesson of surface passivation
and marker AA incorporation may be applicable to other labeling schemes.
For example, the isotope could be attached to the derivatizing agent, as long as
total and efficient elimination of the non-bound label were possible through
evaporation or other processes.
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13.6 Conclusion

The sensitive quantitation of AMS has been linked to several protein analysis
technologies, including gels, capillary electrophoresis, size exclusion chro-
matography, and molecular weight filters. Zeptomoles of expressed proteins
can be quantified. Attomoles of labeled proteins can be AA sequenced. Protein
binding of labeled chemicals and biomolecules is quantitated in the amol to a
pmol range by AMS. Another energetic ion technology, MELQ, combines a
more precise and universal method to quantitate protein sample mass with
the isotope measurements of AMS to determine even low protein specific
affinities for labeled compounds to a high accuracy.

AMS spectrometers are becoming smaller and more affordable for eventual
placement in advanced quantitative laboratories. At present, there are several
AMS facilities serving the biomedical community, including the NIH National
Research Resource for Biomedical AMS at Livermore National Laboratory.
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14 The Use of Microcalorimetric Techniques to Study
the Structure and Function of the Transferrin
Receptor from Neisseria meningitidis

TiNno KReLL and GENEVIEVE RENAULD-MONGENIE

14.1 Introduction

Meningococcal disease continues to be a worldwide health problem and can
lead to death within several hours if untreated (Begg et al. 1999). There is cur-
rently no vaccine to prevent serogroup B meningococcal disease. The proteins
which form the transferrin receptor of Neisseria meningitidis are promising
candidates for inclusion in such a vaccine (Gorringe et al. 1995). The receptor
consists of two types of subunits, transferrin-binding protein A and B (TbpA
and B), which both have the capacity to independently bind their ligand,
human transferrin (htf) (Cornelissen and Sparling 1996). TbpA (100 kDa) is
thought to be a porin-like integral membrane protein, which is proposed to
serve as a channel for the transport of iron across the outer membrane. TbpB
(65-85 kDa) is considered to be an outer membrane protein, which is
anchored to the membrane via the lipidated N-terminal part of the protein
and an interaction between TbpA and TbpB has been demonstrated (Fuller et
al. 1998).

The immunological properties of both proteins have been studied exten-
sively. The receptor (TbpA+B) was shown to induce bactericidal antibodies in
laboratory animals and is protective in a mouse infection model (Danve et al.
1993). The immunogenic potential of individual TbpA and TbpB has been
studied extensively (Rokbi et al. 2000, West et al. 2001).

In contrast to the detailed knowledge concerning the immunogenicity of
the receptor, a number of fundamental questions about the structure and
function of the transferrin receptor remain to be answered. Firstly, it is gener-
ally accepted that the receptor consists of TbpA and TbpB. However, the archi-
tecture of the receptor is unclear and the stoichiometry of TbpB:TbpA in the
receptor complex has been described in various ways. Secondly, the study of
meningococcal and gonococcal mutants lacking the gene for either TbpA or B
has shown that both proteins are required for the optimal uptake of htf iron
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(Irwin et al. 1993, Pintor et al. 1998). In contrast to TbpA, which forms a trans-
membrane pore permitting iron internalization, the role of TbpB in iron
uptake remains unclear. Thirdly, it needs to be elucidated whether htf-binding
by TbpA and TbpB occurs in an independent or sequential fashion. Both
modes of ligand binding are supported by previous reports (Boulton et al.
1999) and reports differ in the number of htf-binding sites per receptor.
Fourthly, little is known about the affinities with which the iron-free and iron-
loaded forms of htf are bound by the bacterial receptor and how these affini-
ties compare to the human transferrin receptor.

We have decided to address these questions using microcalorimetric tech-
niques, which have become increasingly popular for the study of protein-pro-
tein interactions. Two basic microcalorimetric approaches can be distin-
guished which were termed isothermal titration calorimetry (ITC) and
differential scanning calorimetry (DSC).

ITC is a universally applicable technique to determine the thermodynamic
parameters for the binding of two ligands. It is a classic titration (see Fig. 14.1)
of two ligands where the heat changes caused by binding events are recorded.
A single ITC experiment permits the determination of the association con-
stant (K,), stoichiometry (n), free energy (AG), enthalpy (AH) and entropy
(AS). The main advantage of ITC over alternative techniques is that both lig-
ands are unmodified and in solution. The fact that no surface immobilization
of ligands is necessary was found to be especially important for the study of
membrane proteins, which due to their hydrophobicity, tend to bind in a non-
specific manner.

DSC is used to determine the thermodynamic parameters of protein
unfolding, which is an endothermic process. The protein sample and a refer-
ence containing the buffer are heated up at a constant rate and the change of
heat capacity as a function of temperature is recorded. Raw data are analysed
by curve-fitting procedures to different models using generally either equa-
tions for two state transitions (native and denatured) or multiple state transi-
tions. This permits the determination of the thermodynamic parameters of

L
-

Fig. 14.1. Isothermal titration calorimetry (ITC) data for the binding of human holo-
and apo-transferrin (htf) to individual TbpA, TbpB and the receptor complex
(TbpA+TbpB). All experiments were carried out at 25 °C. A Binding of holo-and apo-htf
to TbpA. B Binding of holo-htf to TbpB, apo-htf does not bind to TbpB. C Binding of
holo-htf to the entire receptor (TbpA+TbpB). D Binding of apo-htf to the entire recep-
tor. The ITC raw data are shown in the upper panels and integrated peak areas in the
lower panels. From the curve fit, the parameters AH (reaction enthalpy), K, (dissociation
constant) and n (reaction stoichiometry) can be determined directly. From the values K,
and AH, the change in free energy (AG) and entropy change (AS) can be calculated using
the equation: AG=-RTIn (1/K,)=AH-TAS, where R is the universal molar gas constant
and T the absolute temperature. Thermodynamic parameters are listed in Table 14.1
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the thermal unfolding, such as the midpoint of protein unfolding transition
(T,,), the enthalpy change on protein denaturation (AH_,;) which corresponds
to the integrated peak area and the change in van’t Hoff enthalpy (AH,;,),
expressed by the peak width, which compared to AH_; provides information
on the content of the cooperatively folding unit. For further information on
both techniques see the reviews of Holdgate (2001) and Jelesarov and

Bosshard (1999).

14.2 Microcalorimetric Titrations of Individual TbpA, TbpB
and the Meningococcal Receptor Complex with Human Iron-
Free (apo) and Iron-Loaded (holo) Transferrin

Human transferrin (htf) was shown to bind to both individual proteins of the
transferrin receptor and our studies were aimed at assessing the contribution
of each protein in the receptor function. Therefore, initial ITC htf-binding
studies were carried out using recombinant TbpA (strain K454) and TbpB
(strain M982) (Oakhill et al. 2002, Krell et al. 2002). In a second step, binding
experiments were repeated with the receptor complex (TbpA+TbpB) purified
from Neisseria menigitidis M982 (Ala’Aldeen et al. 1994).

14.2.1 Binding of Transferrin to TbpA

Calorimetric titrations of TbpA with apo- and holo-htf are shown in
Fig. 14.1A and derived thermodynamic parameters are listed in Table 14.1.
The binding of both apo-htf and holo-htf to TbpA was driven by a large
enthalpy change and opposed by an unfavourable entropy change. The AH for
apo-htf binding was substantially larger than the value obtained for the bind-
ing of holo-htf, which might indicate that the complex between apo-htf and
TbpA is maintained by more or stronger interactions as compared to the
complex between holo-htf and TbpA. This difference in AH is also reflected in
differences in the binding constants. TbpA has an affinity approximately 20
times greater for apo-htf than holo-htf. This observation, in combination with
the fact that in vivo the iron-free state is the predominant form of htf, indi-
cates that in the absence of TbpB, iron acquisition from htf is slowed down by
a quasi-saturation of TbpA with apo-htf. These data explain previous reports
of TbpB-defective bacterial mutants which showed either slower growth on
htf-containing medium or reduced iron uptake capacity (Irwin et al. 1993,
Pintor et al. 1998). The large unfavourable entropy change observed for the
binding of both htf forms by TbpA is most likely to be the consequence of a
loss of conformational flexibility upon htf-binding which might also be
related to the conformational changes in TbpA following ligand-binding as
demonstrated in N. gonorrhoeae by Cornelissen et al. (1997b).
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14.2.2 Binding of Transferrin to TbpB

In contrast to TbpA, the htf-binding to TbpB is driven by favourable enthalpy
and entropy changes (Fig. 14.1B, Table 14.1). Around 60% of the binding
energy can be attributed to entropy changes and around 40 % to enthalpy
changes (Table 14.1). The observed AH of -4.0 kcal/mol is below the average
for a protein-protein interaction. The binding constants of holo-htf to indi-
vidual TbpA and TbpB are similar. In agreement with previous studies
(Renauld-Mongénie et al. 1998) the interaction of TbpB with apo-htf was neg-
ligible.

14.2.3 Binding of Transferrin to the Receptor Complex (TbpA+TbpB)

The transferrin receptor complex was purified from N. meningitidis strain
M982 using htf-Sepharose affinity chromatography. The resulting protein was
analysed by SDS-PAGE electrophoresis and was found to be very pure, with
the two bands identified as TbpA and TbpB.

In contrast to experiments with individual TbpA or TbpB, two different
binding events can be distinguished for the binding of holo-htf to the recep-
tor complex (Fig. 14.1C and Table 14.1). Data analysis was carried out using
the experimentally determined molecular weight of 300 kDa per receptor
complex (Boulton et al. 1998). The data fitted well to the “two independent
binding sites” model provided by the ORIGIN software (Microcal, Northamp-
ton, USA) and the thermodynamic parameters obtained are listed in
Table 14.1. A high-affinity binding site (K,=0.71 nM) can be distinguished
from a low-affinity site (K;=22.2 nM), and both sites appear to be indepen-
dent. Most interestingly, the data show around one high-affinity site and
around two low-affinity sites (Table 14.1, parameter n), indicating that in total
three molecules of holo-htf are needed to saturate the receptor.

Cornelissen and Sparling (1996) have studied the htf-binding to whole cells
of N. gonorrhoeae using solid-phase and liquid-phase binding assays. The
authors conclude that there are two independent htf-binding sites with K
values of 0.8 and 16 nM. The calorimetric titration of purified receptor with
holo-htf provides evidence for there being two independent binding sites
with a K, of around 0.7 and 22 nM (Table 14.1). Considering the technique
used by Cornelissen and Sparling is entirely different to our approach, the
similarity of both sets of data is remarkable. Furthermore, these values indi-
cate that the neisserial receptor can compete successfully with the human
transferrin receptor, which was shown to bind holo-htf with affinities
between 5-20 nM. However, the technique employed by Cornelissen and
Sparling did not allow the attribution of obtained K, values to either TbpA or
TbpB. This has been achieved by ITC. The iron-free form of htf is known to
bind exclusively to TbpA but not to TbpB (Renauld-Mongénie et al. 1998,
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Boulton et al. 1998). This implies that the signal observed in the titration of
the entire receptor with apo-htf corresponds to binding to TbpA. An ITC
titration of the receptor complex with apo-htf at a ligand concentration simi-
lar to that used with holo-htf is shown in Fig. 14.1D. The same experiment
with a threefold lower concentration of apo-htf was used to determine the
binding parameters (not shown). In both cases, there was only around one
binding event and the number of binding sites was found to be approximately
1 (n=0.81, Table 14.1). This n-value was close to the corresponding value of the
high-affinity binding site seen in the titration with holo-htf (n=0.74,
Table 14.1), which identifies the high-affinity site as binding at TbpA. The fact
that the low-affinity binding site corresponds to binding to TbpB was also
confirmed by the similarity of binding parameters of this low-affinity site
present in the receptor and the parameters for the titration of TbpB alone
with holo-htf (Table 14.1).

As stated above, the experimentally determined molecular weight of
300 kDa/receptor complex was used for data analysis (Boulton et al. 1998).
Under these conditions we provide evidence that the receptor has around one
high-affinity site at TbpA and around two low-affinity sites at TbpB. This
indirect information on the receptor stoichiometry needs to be validated by a
direct analysis of the TbpA-TbpB stoichiometry. The receptor protein
(TbpA+TbpB) analysed in this study was purified from N. menigitidis M982
grown under iron-limiting conditions. We have studied the expression of tbpB
and tbpA genes of N. menigitidis M982 grown under iron-limiting conditions
using TagMan real-time quantitative reverse transcriptase-PCR and have
observed a ratio of 2:1 for the expression of tbpB and tbpA genes, respectively
(Renauld-Mongénie et al., unpubl. data). Using a similar approach a ratio of
2:1 has been reported for the tbpB:tbpA gene expression in N. gonorrhoeae
(Ronpirin et al. 2001). The data of the tbpB/tbpA gene expression are consis-
tent with the ITC data reported.

14.2.4 Conclusions Concerning the Structure and Function
of the Receptor

The model of the transferrin receptor as suggested by Boulton et al. (1999)
contains a single htf-binding site. It was proposed that initial htf-binding
occurs at TbpB, which then triggers conformational changes in htf and bind-
ing by TbpA. This proposition was based on the observation by surface plas-
mon resonance technology that the affinities of TbpA and TbpB for htf are
comparable (Boulton et al. 1999). Here we show that holo-htf binding by the
receptor complex occurs with around 30 times higher affinity at TbpA than at
TbpB (Table 14.1, K}, of 0.71 vs. 22.2 nM for binding at TbpA and TbpB,
respectively), which does not suggest an initial binding event at TbpB. Our
data seem to indicate that htf binds directly to the TbpA component of the
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receptor. In addition, we provide evidence that there are around three binding
sites for htf per receptor. TbpA has been identified as the high-affinity site
whereas the other two binding sites represent binding at TbpB. Both binding
sites appear to be independent and no evidence for cooperative binding was
obtained.

We have demonstrated that TbpA (as a component of the receptor) binds
holo-htf with an approximately threefold greater affinity than apo-htf
(Table 14.1, K}, of 0.71 vs. 2.0 nM for the binding of holo- and apo-htf, respec-
tively). In strong contrast, TbpA alone had a strong ligand preference for apo-
htf (Table 14.1,K;, 0of 68.9 vs.3.7 nM for the binding of holo- and apo-htf, respec-
tively). We now propose that, within the receptor complex, TbpB shifts the
ligand specificity of TbpA towards the iron-loaded form of htf. This proposi-
tion is consistent with the data from Cornelissen and Sparling (1996) who
demonstrated that the interaction between TbpB and TbpA in N. gonorrhoeae
is accompanied by conformational changes in both proteins. We also suggest
that the specific binding of holo-htf by the TbpB component of the receptor
increases the local concentration of free holo-htf in proximity of TbpA. As a
consequence, this reduces apo-htf binding by TbpA, increasing the efficiency
of iron uptake from htf. Thus, we propose a double function for TbpB: firstly, to
shift the ligand specificity of TbpA towards holo-htf and secondly, to increase
the local concentration of holo-htf in the proximity of TbpA.

14.3 Generation of Recombinant N- and C-Terminal Domains of TbpB
and the Study of Their Interaction

The sequence of the N-terminal half of TbpB can be aligned with its C-termi-
nal half. This observation has led to the hypothesis that TbpB consists of two
domains, which are joined by a linker region and it has been suggested that
TbpB (isotype II) is a result of a gene duplication event (Mazarin et al. 1995).
In order to characterize both domains and to study their implication in bind-
ing to htf the two domains were produced as individual histidine-tagged pro-
teins, which were termed N-ter and C-ter.

14.3.1 Isothermal Titration Calorimetry (ITC) Binding Studies

14.3.1.1 Calorimetric Titrations of TbpB, N-ter and C-ter with holo-htf

Previous studies, mainly using solid-phase htf-TbpB binding assays, have
indicated that htf-binding occurs primarily at the N-terminal domain of
TbpB (Cornelissen et al. 1997a), but the participation of the C-terminal
domain in ligand binding has also been demonstrated (Renauld-Mongénie et
al. 1997).
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We found by isothermal calorimetric studies that C-ter did not bind htf
whereas N-ter bound the ligand with a similar affinity as the full-length pro-
tein (data not shown).However, the modes of htf-binding by N-ter and His,-
TbpB are very different. Htf-binding by the N-ter was enthalpy driven, with a
four times larger AH as compared to the full-length protein, and counterbal-
anced by an unfavourable entropy change. In contrast, htf-binding of full-
length TbpB was dominated by a relatively large and favourable entropy
change, which compensates for the low enthalpy change. As mentioned above,
enthalpy changes are often related to the creation of molecular interactions
and one might hypothesize that there is an optimal structural fit between N-
ter and htf (large AH) resulting in a loss of conformational flexibility
(unfavourable entropy change). For the interaction of the full-length TbpB
with htf, this optimal fit might not be achieved (maybe because of a steric hin-
drance caused by the presence of C-ter) and consequently a reduced enthalpy
change and a favourable entropy change are observed.

14.3.1.2 Calorimetric Titration of the N-terminal Domain of TbpB with its
C-Terminal Domain

Figure 14.2A shows a calorimetric titration of N-ter with C-ter at 25 °C and it
is evident that both domains strongly interact with each other. For the titra-
tion at 25 °C a K, of 47 nM [K,_21.4x10% M1, AG=-10.0 kcal/mol] was deter-
mined. Binding was driven by a large enthalpy change (-41.0 kcal/mol), which
was compensated by an also large unfavourable entropy change (-TAS=
31.0 kcal/mol), demonstrating a substantial loss in the degree of conforma-
tional flexibility upon domain interaction.

This titration was repeated at different temperatures and the enthalpy
changes as function of the temperature was plotted (data not shown). The
parameter AC, (change of heat capacity) can be calculated from the slope of
the linear fit of these data. Negative changes in AC, can be correlated to the
burial of apolar surfaces. The AC, for the interaction of both domains of TbpB
was found to be -3.16 kcal mol-! K-! (R?=0.98). The magnitude of the ACp
value suggests that extensive apolar surface area is buried upon domain inter-
action. This AC, change was significantly larger than the average value identi-
fied for a protein-protein ligand interaction (0.2 to -0.7 kcal mol-! K-1). To
our knowledge, such a large value for ACp has not been reported in the litera-
ture and might indicate that the nature of protein-protein ligand interaction
is rather different to inter-domain interactions. Furthermore, a stoichiometry
of 1:1 has been determined (Fig. 14.2A, lower panel) indicating that the
recombinant domains are homogeneous samples of correctly folded protein.
This domain interaction is accompanied by secondary structure changes as
observed by circular dichroism spectroscopy (see below).
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Fig.14.2. The interaction between the recombinant N- and C-terminal domains of TbpB
monitored by isothermal titration calorimetry (ITC), differential scanning calorimetry
(DSC) and circular dichroism spectroscopy. A ITC data for the injection of recombinant
C-terminal domain into a solution of the N-terminal domain of TbpB at 25 °C. B DSC
analysis of individual recombinant domains of TbpB, a stoichiometric mix of both
domains and of the full-length protein. For clarity reasons, traces were moved arbitrar-
ily on the y-axis. Derived thermodynamic parameters are listed in Table 14.2. C Far UV
circular dichroism spectra of recombinant full-length TbpB and its individual recombi-
nant domains. His,-TbpB (solid line), N-terminal domain (N-ter, long-dashed line), C-
terminal domain (C-ter, dashed-dotted line), a stoichiometric mix of N- and C-terminal
domain (short-dashed line)
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14.3.2 Thermal Denaturation Studies Monitored by Differential
Scanning Calorimetry (DSC)

Full-length TbpB and its individual domains have been studied by DSC
(Fig. 14.2B, Table 14.2). The denaturation of both the N-ter and C-ter was
characterized by two separate unfolding transitions. DSC profiles showing
two separate unfolding transitions have been observed in the past for proteins
containing two separate domains. It can be proposed that both N-ter and C-
ter contain two sub-domains. This is a structural organization also found for
the ligand transferrin. The C-terminal domain was found to be fairly ther-
mostable with a T,, beyond 80 °C, which is astonishing considering the rela-
tively low amount of secondary structure determined by cd spectroscopy (see
below). N-ter was found to be much less thermostable with transitions cen-
tred around 33 and 58 °C. The DSC profile of TbpB was fairly similar to the
profile of the stoichiometric mix of both domains (Fig. 14.2B), indicating a
close structural resemblance between the full-length protein and the stoi-
chiometric mix of both domains. The first two transitions in both profiles can

Table 14.2. Thermodynamic parameters for the unfolding of the recombinant C- and N-
terminal domains of TbpB (C-ter, N-ter), a stoichiometric mix of both domains and of
full-length TbpB. (see Figure 14.2B)

Sample T, AH, AH AH,/AH_,  Reversibility?
(°C) (kcal/mol)  (kcal/mol) (%)
C-ter 70.5+0.48 4612.8 52%2.7 1.13 >80b
80.6+0.04 67+2.3 134+3.2 2.00 81
N-ter 32.6£0.09 35%0.7 71+1.8 2.02 0
58.0+£0.04 49+0.6 111+1.8 2.26 32
N-ter+C-ter 43.2+£0.05 53%0.6 82+1.1 1.54 0
58.910.06  56%0.7 58+1.1 1.03 0
80.3+0.04 38%0.5 124+1.9 3.26 85
TbpB full-length  47.7£0.08 58+1.3 103£2.8 1.77 32b
62.0£0.05 119+14 94+1.4 0.79 90b
81.3+0.06  56%*1.1 150£3.8 2.68 83

Abbreviations: C-ter, histidine-tagged C-terminal domain of transferrin-binding pro-

tein B strain M982; DSC, differential scanning calorimetry; htf, human transferrin; ITC,

isothermal titration calorimetry; N-ter, histidine-tagged N-terminal domain of transfer-

rin-binding protein B strain M982; TbpA, transferrin-binding protein A; TbpB, transfer-

rin-binding protein B

* Reversibility was defined as: % reversibility=AH,/AH,x100% with AH, being the
change of enthalpy from the second up-scan and AH, the change of enthalpy from the
first up-scan of the same protein sample

b Interference with the appearance of misfolded protein resulting from unfolding tran-
sitions with a higher T
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be attributed to the N-terminal domain whereas the transition centered at
around 80 °C corresponds to the denaturation of the C-terminal domain. The
most striking difference between the DSC profiles of the stoichiometric mix
of both domains and the profiles of the individual domains was the up-shift
of the first transition of N-ter by around 11 °C accompanied by an increase in
AH from 35 to 53 kcal/mol (Table 14.2). This observed stabilization of one
sub-domain of N-ter on interaction with C-ter is thought to account for a
large part of the strong exothermic signal observed for the ITC titration of N-
ter with C-ter. These data indicate an involvement of one N-terminal sub-
domain in inter-domain interaction.

Information obtained from DSC can show insight into the structural
arrangement of a protein but can also be used to predict long-term stability of
a protein. It is generally accepted that an increased T, and an elevated degree
of the reversibility of protein denaturation indicate favourable long-term sta-
bility of proteins, which is a very desirable property of any vaccine compo-
nent. The thermal denaturation of C-terminal domain either as separate pro-
tein, in complex with N-ter or as part of the full-length protein showed a
reversibility of 80-85 % (Table 14.2), which is above the average for a protein,
whereas the denaturation of the N-terminal domain was much less reversible.
The observed thermostability of C-ter and its high degree of reversibility pre-
dict increased long-term stability of this domain. These biochemical and
thermodynamic properties, together with its immunological properties
(Renauld-Mongénie et al. 1997, Rokbi et al. 2000) suggest considerable poten-
tial for C-ter as a vaccine antigen.

14.3.3 Circular Dichroism Spectroscopy

The interaction of both recombinant domains has also been monitored by cir-
cular dichroism spectroscopy and spectra of both individual TbpB domains,
a stoichiometric mix of both domains and of the full-length TbpB are shown
in Fig. 14.2C. The molecular ellipticity at 220 nm can be regarded as a measure
of the secondary structure content of a protein. Interestingly, both the N-ter
and C-ter were found to contain very little secondary structure and a sec-
ondary structure content below 10% was estimated for both recombinant
proteins, with C-ter being slightly more structured than N-ter. This is consis-
tent with a large part of both proteins being present in a coil conformation.
However, the secondary structure content of a stoichiometric mix of both
domains was found superior to that of both domains on their own
(Fig. 14.2C). This is evidence that the domain interaction is accompanied by
structural rearrangements. The observed conversion of disordered parts of
the domains into structured regions is likely to be related to the loss of rota-
tional and translational freedom expressed by the very unfavourable entropy
change (-TAS=31.0 kcal/mol, see above). In addition, the cd spectra of TbpB
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was almost superimposable upon the spectrum of the stoichiometric mix of
both domains, which confirms the DSC data and indicates that the observed
domain interaction corresponds to the interaction of both domains in the
full-length TbpB. The role of these structural changes in the function of TbpB
remains to be elucidated.

14.3.4 Conclusions Concerning the Structure of TbpB

The data presented confirm that TbpB contains two domains, which can be
obtained as individual, active, recombinant proteins. The two recombinant
domains were shown to strongly interact with each other. This interaction is
accompanied by an increase in secondary structure. ITC studies have shown
hat the N-terminal domain of TbpB is involved in htf-binding, whereas the C-
terminal does not bind to htf. DSC data suggest that both domains contain
two subdomains, a structural organization also found in htf. Furthermore, the
recombinant C-terminal domain was found to have thermodynamic parame-
ters, which are favourable for utilization as a vaccine antigen.
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15 The Quantitative Advantages of an Internal
Standard in Multiplexing 2D Electrophoresis

JOHN PRIME, ANDREW ALBAN, EDWARD HAWKINS and BARRY HUGHES

15.1 Introduction

Two-dimensional electrophoresis (2-DE) is the leading tool in proteomics
research today, capable of visualising many components of complex pro-
teomes in a single gel (Gorg et al. 2000). This tool separates proteins by pl
(isoelectric point) and molecular weight producing a pattern of spots on an
SDS-PAGE (polyacrylamide gel electrophoresis) gel, which can be visualised
via a range of staining and labelling systems. Protein spot patterns can be
compared between different samples of interest, e.g. normal versus diseased,
to determine which protein spots demonstrate changes in abundance. The
most common 2-DE work system incorporates the analysis/identification of
differentially expressed proteins of interest using Mass Spectrometry. Fig-
ure 15.1 illustrates a 2-DE workflow from sample preparation to Mass Spec-
trometry analysis.

The Ettan DIGE (difference gel electrophoresis) system includes CyDye™
DIGE fluor Cy2™, Cy3 and Cy5 minimal dyes. These are spectrally resolvable
mass and charge-matched fluorescent dyes that enable the multiplexing of up
to three samples within the same 2-D gel. Approximately 3% of lysine
residues present in the sample are labelled at the e-amino group. A protein
labelled with any of the CyDye DIGE Fluors will migrate to the same position
on a 2-D gel, allowing direct spot volume ratio measurement between samples
on the same gel. Figure 15.2 illustrates the workflow for the Ettan DIGE sys-
tem.

Traditional comparative 2-DE methods involve the separation of samples
independently on separate gels. This ‘one sample per gel’ approach exposes
the data to a high level of system variation, for example, the variations in
protein uptake into the first dimension strip, second dimension gel running,
etc. The system variation is composed of positional variation and volume
variation, i.e. the same amount of the same protein run on different gels can
migrate to slightly different positions with different spot intensities. This can
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Fig. 15.2. Ettan DIGE system workflow. Different protein samples are labelled with
CyDye DIGE Fluor minimal dyes, mixed, undergo 2-D electrophoresis, the resultant gels
are scanned and the images analysed with DeCyder to determine significant differences
in protein abundance between the different samples

cause problems with accuracy of spot volume quantitation and normalisa-
tion across multiple gels for comparison, and also positional gel-to-gel
matching of spots (Voss and Haberl 2000, Victor et al. 2002). This high level
of system variation can mask the often subtle induced biological changes
that the experiment is intended to detect, for example, the differences that
are caused by a disease state, drug treatment or life-cycle stage. To com-
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pound this problem, it is also necessary to dissect the induced biological
changes within an experiment from the inherent biological variations, i.e.,
the differences between two individual animals, cultures, plants or flies, that
are present irrespective of the applied experimental test conditions. To
achieve this, multiple sample replicates must be incorporated within each
experimental design. This will result in the analysis of a large number of
samples, which is a slow and time-consuming process as only one sample
can be separated on each individual gel.

The multiplexing properties of the Ettan DIGE system can be exploited to
effectively remove system variation by the inclusion of the same pooled stan-
dard sample on each gel. Ideally, the pooled standard sample will comprise
equal amounts of each sample in an experiment, so that all spots present in an
experiment are represented in the standard and therefore will be present on
each gel. This experimental design has benefits in terms of system variation
and reproducibility, and also gel-to-gel matching. Protein spots are quantified
using the novel DeCyder™ Differential Analysis Software. This software has
been specifically designed for the Ettan DIGE System incorporating the
pooled standard experimental design, by measuring the in-gel volume ratio of
a standard:sample in an overlaid co-detected image pair. Differences in spot
intensity, for example due to protein loss during entry into the strip, will not
affect quantification. As the standard and sample were separated on the same
gel, the same relative amount of a protein in each colour channel will have
been lost and therefore the measured ratio will be unaffected. The benefits of
matching occur as the pooled standard is used to match spot patterns from
different gels. The fact that the same sample is matched from different gels
rather than different samples, which may have different spot patterns, means
that the confidence of gel-to-gel matching is higher.

A range of studies using Ettan DIGE for quantitative proteome analysis
have demonstrated the sensitivity and reproducibility of the system. These
include the characterisation of protein expression changes in Escherichia coli
induced by treatment with benzoic acid (Yan et al. 2002), identification of
common protein expression changes caused by different genetic alterations in
mice (Skynner et al. 2002), identification of oesophageal cancer specific pro-
tein markers (Zhou et al. 2002) and characterisation of proteins differentially
expressed in response to the growth factor ErbB-2 in epithelial cells (Gharbi
et al. 2002).

A recent study has demonstrated the advantages of using the pooled stan-
dard experimental design with the Ettan DIGE system to measure known
changes in lysates spiked with known proteins (Alban et al. 2003). The study
described here, was designed to compare quantitative proteome analysis by
conventional ‘one sample per gel’ 2-DE with the Ettan DIGE System incorpo-
rating the pooled standard experimental design.
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15.2 Materials and Methods

Cy2, Cy3 and Cy5, Pharmalytes (pH 3-10), DryStrip Cover Fluid, PlusOne™
Bind-Silane and ReadySol acrylamide solution (40% w/v acrylamide
monomer solution containing 3% w/v N,N-methylenebisacrylamide) were
from Amersham Biosciences UK Ltd. (Buckinghamshire, UK). Conalbumin,
bovine serum albumin (BSA), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and trypsin inhibitor were from Sigma (Dorset, UK). Anhydrous
dimethylformamide (DMF) was from Aldrich (Dorset, UK). SYPRO™ Ruby
protein gel stain was from Molecular Probes (Oregon, USA).

15.2.1 Sample Preparation and Labelling

E. coli strain ER1647 (Amersham Biosciences, Buckinghamshire, UK) was
grown overnight in glucose rich MOPS media at 37 °C followed by harvesting
by centrifugation for 10 min at 4 °C at 12,000xg. The cell pellet was washed
twice with wash buffer (10 mM Tris pH 8.0, 0.5 mM magnesium acetate). Cells
were then resuspended in lysis buffer (8 M urea, 4 % w/v CHAPS, 10 mM Tris
pH 8.0) and lysed by sonication (3x10-s pulses on ice). The protein concen-
tration of the E. coli lysate was determined using the Bio-Rad Dc Protein
Assay as described by the manufacturer (Bio-Rad, Hertfordshire, UK). The
model proteins were dissolved in a lysis buffer to give stock solutions with
final concentrations of 1 mg/ml which were then used to prepare the experi-
mental samples.

The E. coli lysate was spiked with the four proteins, at eight different
amounts to give eight sample types — simulating time points. Each protein
spike was added to the lysate in such a way that the trend of the level of the
spike over the eight samples was different for each protein, as shown in
Fig. 15.3. Table 15.1 indicates the amount of model protein in each sample suf-
ficient for one gel loading (50 ug protein per CyDye per gel or 50 ug protein
per gel for the conventional ‘one sample per gel’ analysis).

In the case of the samples prepared for the Ettan DIGE system analysis, a
pooled standard was prepared by combining equal aliquots from each of the
eight samples. Samples for ten gels were prepared and the pooled standard
sample was produced by pooling 100 pg protein from each of the samples,
prior to labelling.

Samples for the Ettan DIGE system study were combined for electrophore-
sis as described in Table 15.2. Each sample was run in triplicate for both the
conventional 2-DE and the Ettan DIGE system to allow statistical analysis,
consequently requiring 24 gels for the conventional 2-DE (see Table 15.3) and
12 gels for the Ettan DIGE system (see Table 15.2).
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Table 15.1. Amounts of model proteins used in each sample

Sample No. 1 2 3 4 5 6 7 8

BSA (ng) 200 175 150 125 100 75 50 25
Conalbumin (ng) 50 100 150 200 250 300 350 400
GAPDH (ng) 50 100 200 400 100 200 400 800
Trypsin Inhibitor (ng) 100 100 100 100 80 60 40 20

Table 15.2. Ettan DIGE experimental design

Gel Cy2 Cy3 Cy5

Gels 1-3 Pooled standard Sample, Sample,
Gels 4-6 Pooled standard Sample, Sample,
Gels 7-9 Pooled standard Sample Sample,
Gels 10-12 Pooled standard Sample, Sample,

Table 15.3. Conventional ‘one sample per
gel’ experimental design

Gel Sample (post-stained
with SYPRO Ruby)
Gels 1-3 Sample,
Gels 4-6 Sample,
Gels 7-9 Sample,
Gels 10-12 Sample,
Gels 13-15 Sample;
Gels 16-18 Sample
Gels 19-21 Sample,

Gels 22-24 Sample,
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15.2.2 CyDye Pre-Labelling of Protein Samples for the Ettan DIGE
System

Cyanine dyes were reconstituted in 99.8 % anhydrous DMF and added to
labelling reactions in a ratio of 400 pmol CyDye: 50 pg protein. Protein
labelling was achieved by incubation on ice in the dark for 30 min. The reac-
tion was quenched by the addition of 10 mM lysine (1 pl per 400 pmol dye)
followed by incubation on ice for a further 10 min.

15.2.3 2-D Gel Electrophoresis

Prior to isoelectric focusing (IEF), the pre-labelled samples for the Ettan
DIGE system analysis to be separated in the same gel were mixed and added
to an equal volume of 2x sample buffer (8 M urea, 4% w/v CHAPS, 130 mM
DTT, 2 % v/v Pharmalytes 3-10). The individual samples for the conventional
2-DE analysis were also added to an equal volume of 2X sample buffer as
above.

Both sets of samples underwent IEF and SDS-PAGE using the following
conditions. 2D electrophoresis was performed using Amersham Biosciences
2-D PAGE equipment and PlusOne reagents (Amersham Biosciences, Buck-
inghamshire, UK). Immobiline™ DryStrip gels (pH 3-10 NL, 24 cm) were
rehydrated overnight in 450 pl rehydration buffer (8 M urea, 4 % w/v CHAPS,
1% Pharmalytes (pH 3-10),2 mg/ml DTT) were overlaid with 2.5 ml DryStrip
Cover Fluid, in an Immobiline DryStrip reswelling tray. Samples were applied
to IPG strips via cup loading near the basic end of the strips. Strips were
focused using IPGphor cup loading strip holders on the IPGphor isoelectric
focusing system for a total of 120kVh at 20°C. Prior to SDS PAGE, each strip
was equilibrated with 10 ml equilibration buffer A (8 M urea, 100 mM Tris-
HCI pH 6.8, 30 % v/v glycerol, 1% w/v SDS, 5 mg/ml DTT) on a rocking table
for 10 min, followed by 10 ml equilibration buffer B (8 M urea, 100 mM Tris-
HCI pH 6.8, 30 % v/v glycerol, 1% w/v SDS, 45 mg/ml iodoacetamide) for a
further 10 min.

The strips were then loaded and run on 12.5% acrylamide isocratic
Laemmli gels (Laemmli 1970) using the Ettan DALTtwelve apparatus. The gels
to be used for the conventional 2-DE gels were bind silane treated on the back
plate (wiped over with 3.5 ml of bind silane solution [0.1 % (v/v) Bind silane,
80% (v/v) ethanol and 2 % (v/v) acetic acid and left for 1 h]. Gels were run at
5 W per gel constant power at 20 °C until the proteins had entered the resolv-
ing gel followed by 10 W per gel constant power at 20 °C until the bromophe-
nol blue dye front had run off the bottom of the gels.
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15.2.4 Image Acquisition of Ettan DIGE System Gels

The CyDye fluor labelled proteins in Ettan DIGE system gels were visualised
using the Typhoon 9410 imager (Amersham Biosciences, Buckinghamshire,
UK). The Cy2 images were scanned using a 488-nm laser and an emission fil-
ter of 520 nm BP (band pass) 40. Cy3 images were scanned using a 532-nm
laser and an emission filter of 580 nm BP30. Cy5 images were scanned using a
633-nm laser and a 670-nm BP30 emission filter. The narrow BP emission fil-
ters ensure that there is negligible cross-talk between fluorescence channels
(<19%). All gels were scanned at 100 pm resolution. Images were cropped to
remove areas extraneous to the gel image using ImageQuant Version 5.0
(Amersham Biosciences, Buckinghamshire, UK) prior to analysis with the
DeCyder Version 4.0 Differential Analysis software.

15.2.5 SYPRO Ruby Post-Staining of Conventional 2-DE Gels

Upon completion of the SDS-PAGE run, the front plates from these gels were
carefully removed (the bind silane ensuring gel remained attached to the back
plate). The gels were put in 30 % (v/v) ethanol, 7.5% (v/v) acetic acid for 1 h.
They were then stained overnight with undiluted SYPRO™ Ruby protein gel
stain that had been filtered through Whatman™ filter paper No. 1 qualitative
18.5 cm. The stain was then removed and the gels were rinsed in four changes
of deionised H,O for 2 h to remove SYPRO Ruby crystals. Destaining was then
performed for 1 h in 10 % (v/v) methanol, 7% (v/v) acetic acid solution. The
glass front plates were replaced on the gels and they were scanned on the
Typhoon 9410 imager at 100-um resolution using a 457-nm laser and an emis-
sion filter of 610 nm BP30. The images were cropped as with the Ettan DIGE
system gels prior to analysis using Progenesis analysis software.

15.3 Results

An E. coli lysate was spiked with varying amounts of four commercially avail-
able model proteins as shown in Table 15.1. For the Ettan DIGE system analy-
sis, three samples were run on each gel; a pooled standard labelled with Cy2
and two different samples labelled with Cy3 and Cy5 giving a total of eight
data points over the range of four gels. The pooled standard contained an
equal (ug protein) aliquot from each of the samples and represented an aver-
age of all the samples being compared. For the ‘one sample per gel’ analysis,
the same range of samples were analysed but with only one sample on each
gel. These gels were visualised with SYPRO ruby staining. The protein loading
for both experiments was 50 pg of each sample per gel, and each sample was
run three times in order to obtain valid statistical data. In the Ettan DIGE
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experiment the eight different samples were analysed and compared in tripli-
cate by running 12 gels (Table 15.2). The same number of samples required 24
gels for this analysis using the conventional single sample techniques
(Table 15.3).

15.3.1 Ettan DIGE System Analysis

The gel images from the Ettan DIGE system were analysed using DeCyder Dif-
ferential Analysis Software, a 2-D analysis platform designed specifically for
use with the Ettan DIGE system. Fully automated spot detection and quanti-
tation was performed on overlaid Cy2 (Standard Pool)/Cy3 (Sample,) and Cy2
(Standard Pool)/Cy5 (Sample,) image pairs from each gel, followed by auto-
mated gel-to-gel matching and statistical analysis (see Fig. 15.4).

An advantage of sample multiplexing in DIGE is that detected spot
boundaries from the same gel will overlay perfectly, and therefore gel warp-
ing is not required to match the spots within image pairs from the same gel.
This allows direct measurement of spot volume ratios of spots present in an
image pair. The fundamental benefit of this technique is the ability to co-
detect and compare each sample in-gel with a pooled standard. This enables
accurate automated gel-to-gel matching, as the same complete spot map is
present on each gel. As the Cy3 and Cy5 spot maps were all co-detected with
a pooled standard Cy2 image, the Cy3 and Cy5 spot maps from different gels
were also simultaneously matched (see Fig. 15.4). This demonstrates a key
advantage of the pooled standard experimental design and the Ettan DIGE
system, in that the same sample is used for gel-to-gel matching, rather than
matching gels that contain different samples and which may have different
spot patterns.

For a given spot, the standardised abundance was expressed as a volume
ratio between the pooled standard and a co-detected sample from the same
gel. When comparing spot abundance between samples across different gels,
DeCyder software compares how the abundance ratio measurements of the
same protein spot from different samples and gels relate to the standard sam-
ple and further normalisation is not necessary. In this way, as each sample
spot map is co-detected with a standard spot map, all of the spots are com-
pared in-gel to the same pooled standard. This separates system variation
from real induced biological changes in protein spot abundance.

Analysis of variance (ANOVA) was applied to matched spots and the data
was filtered to retain spots with ANOVA p values of 0.05 or less, and spots that
had an appearance in 36 or more of the 48 spot maps (for each gel the stan-
dard spot map appears twice in the analysis, Cy2/Cy3 and Cy2/Cy5, giving a
total of 48 spot maps). This resulted in the display of 52 spots, 43 of which
occurred in a series of four clusters of spots (Fig. 15.5a). The spots that were
significant but did not occur in the clusters included artefacts such as streaks.
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DeCyder Differential Analysis Software
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Fig. 15.4. DeCyder matching and analysis. Pictorial description of the DeCyder image
analysis (DIA) process. The two samples and internal standard perfectly overlay in the
same gel, consequently, this enables image pairs consisting of the internal standard and
a sample from the same gel to be co-detected and the spot volume ratios between the
sample and standard determined. A master (usually the best gel containing the most
spots) is matched to the internal standards of the other gels in the study, allowing com-
parison of spot volume ratios and the accurate production of abundance ratios between
samples on different gels. These data can then undergo statistical analysis. Matching and
statistical analysis are performed in the DeCyder-BVA (biological variation analysis)
software module

The data were ordered by ANOVA p value and the 37 most significant spots
were all situated in the four clusters. Out of these spots the most significant
had an ANOVA p value of 2.2x10-" and the least significant a p value of
8.4x104 The positions on the gels of the four spot clusters relative to each
other are consistent with the predicted pI and molecular weights of the pro-
tein spikes. This suggests that each of the four model proteins is present as
multiple differently charged isoforms in the gels. The spot clusters are shown
in Fig. 15.5b. Cluster 1 is consistent with the pI and molecular weight of BSA,
cluster 2 is consistent with conalbumin, cluster 3 with GAPDH and cluster 4
with trypsin inhibitor.

Graphs of standardised abundance for a representative spot from each of
the clusters, shown in Fig. 15.6, were generated automatically by the DeCyder
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a)
pH 3

Fig.15.5. a Location of the four spiked protein spot clusters on an Ettan DIGE gel. Box 1
BSA, Box 2 conalbumin, Box 3 GAPDH and Box 4 trypsin inhibitor. b Two- and three-
dimensional views of the spiked protein clusters from the DeCyder analysis. Data for the
graphs (Fig. 15.6) were taken from the spots highlighted
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Fig. 15.6. Comparison of predicted abundance of spiked proteins with those observed
with the Ettan DIGE system and the ‘one sample per gel’ study. The spots indicate indi-
vidual data points, and the line indicates the trend in abundance for each protein given
by plotting it through the mean abundance values. These graphs give the results as nor-
malised volume ratios

software by displaying the standardised abundance values relative to the
pooled standard. Standardised protein abundance increases along the y-axis
and the time points are displayed along the x-axis from 1 to 8. Each dot on the
graph represents the same matched spot from a different gel. The spread of
the dots in the y-axes direction indicates the variation in abundance of the
protein spot in the triplicate gels belonging to the same time point following
normalisation. Predicted standardised abundance graphs were generated by
averaging the protein loadings for each protein in Table 15.1,and then divid-
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ing each individual loading value by the average. The range and the overall
profile of the standardised abundance graphs closely resemble the predicted
abundance graphs of all four proteins.

15.3.2 Image Analysis of Conventional ‘One Sample Per Gel’ SYPRO Ruby
Stained Gels with Progenesis

The conventional ‘one sample per gel’ SYPRO Ruby stained gel images were all
cropped to a similar size to reduce peripheral spot finding. The images were
analysed using Progenesis™ Discovery v 2003.01, the latest top of the range
version available from NonLinear Dynamics (NLD). Progenesis Discovery is
specifically designed for the analysis of conventional ‘one sample per gel’
images produced from 2-DE studies comparing differing proteome samples.

Multiplexing is not an option within the conventional ‘one sample per gel’
SYPRO Ruby /Progenesis Discovery system utilised here, and so the overall
experiment required running a total of 24 gels in 8 triplicate sets. All 24 gels
were included in a single automated Progenesis analysis, set up so that each
group of three replicate gels were initially analysed individually. An average
(representative) gel is then created by matching and averaging the three gels
in each of the eight groups.

The final stage of the automatic analysis is to create an overall reference gel,
which is derived from matching and averaging all eight group averaged gels.
Following fully automated analysis, every gel was viewed individually, and
spot editing carried out as necessary. Following spot editing and background
subtraction the images were re-matched using both manual and automated
matching methods. The final stage of the analysis was to extract the required
spot information and to calculate average values for each spot.

Results for each spiked area were obtained by individual analysis of each of
the 24 images; the normalised result was used in each case. The normalised
spot value was obtained by determining the percentage ratio of the total spot
density for each gel compared to the density of the spot of interest in that gel.
The three values for each spot were averaged, except in one or two cases,
where results were not available for all three gels in a group, in which case only
two values were used. Spots were not easily identifiable for BSA at time point
5 and conalbumin and GAPDH at time points 3 and 5 in one of their respec-
tive gels. The same representative spot was again chosen from each of the
clusters produced by the spiked proteins as were chosen in the Ettan DIGE
system work.

In a number of instances normalised data were also generated by a group
analysis, in which all three images were processed automatically. In some
instances the automatic spot matching worked sufficiently well to allow aver-
aged values to be calculated. On every occasion where all three spots in the
three images were fully matched, results obtained were compared to the man-
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ually obtained results. In every case, agreement between the manual and the
automatically generated data was extremely high, differing only by a few per-
cent.

These protein abundances are given in Fig. 15.6 alongside those deter-
mined by the Ettan DIGE system and the predicted abundance values. Indi-
vidual results for each proteins representative spot at each time point are illus-
trated along with the average abundance value and trend. Figure 15.7
illustrates a SYPRO Ruby stained gel from the conventional ‘one sample per
gel’ 2-DE analysis with the four clusters of spots for the four spiked proteins
highlighted in Fig. 15.7a. Figure 15.7b contains two- and three-dimensional
plots from the Progenesis Discovery image analysis software illustrating the
representative spot from each cluster during analysis.

A number of drawbacks and problems were observed with the Progenesis
analysis. One major problem was that although regions of interest were set for
all images (defining the region taken for normalisation) and these were
checked to make sure that they were equal in all images, some artefacts may
have made a significant difference to the calculated percentages for specific
spots. Some streaks can significantly affect overall percentages. Efforts were
made to remove such density from images where feasible, but it was not
always possible to do this in a realistic timeframe. This problem is not
encountered in the Ettan DIGE system as normalisation of a specific spot is
performed against the same spot in the pooled standard and therefore is not
effected by the presence of artefacts or other deleterious effects present else-
where on the gel.

The analysis was completely automated, from spot finding through to
warping, matching and quantitation. However, spot detection in Progenesis,
even using the top of the range Discovery product, was not as accurate and
reliable as in DeCyder. As a result, every image had to be manually edited to
ensure that spot boundaries were as accurate as possible. Thus the results
obtained, which are clearly based on the spot boundaries used, are in effect
user dependent and subjective rather than entirely objective. Two different
users are extremely likely to generate two different sets of results, depending
on interpretation, thus creating user to user variability. This is an inherent
weakness with any 2-DE image analysis system that relies upon the operator
to edit the spot boundaries and undoubtedly reduces the confidence in the
accuracy with which any results could be held.

The GAPDH spots were often poorly resolved in the SYPRO Ruby images.
As a result, rather than selecting a specific spot and following its values
throughout the analysis, it was necessary to quantitate a group of unresolved
spots, and to compare these results. The individual spots could only be clearly
identified in a few instances. The images in Fig. 15.8 shows the problem. The
image on the left-hand side in Fig. 15.8.a is typical of the spot separation; the
right-hand image 8.b was found in only a few of the 24 images. This spot sep-
aration could be due to a number of causes, including poor separation of the
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Box 3 GAPDH

Fig.15.7. a Location of the four
spiked protein spot clusters on
a SYPRO Ruby stained conven-
tional 2-DE gels. Box 1 BSA,
Box 2 conalbumin, Box 3
GAPDH and Box 4 trypsin
inhibitor. b Two- and three-
dimensional views of the
spiked protein clusters from the
Progenesis Discovery image
analysis software. Data for the
graphs (Fig. 15.6) were taken
from the spots highlighted
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Fig. 15.8. Three-dimensional images from Progenesis illustrating a typical poor spot
separation found in the GAPDH cluster in ‘one sample per gel’ 2-DE gels and b good
quality spot separation evident in only a couple of the same gels

GAPDH protein isoforms during IEF, GAPDH is a basic protein and conse-
quently difficult to resolve. Some problems with GAPDH spot resolution were
also encountered with the Ettan DIGE system but the representative spot was
still identifiable and sufficiently resolved to be individually analysed on each
gel. Consequently, the GAPDH protein abundance graph for the conventional
2-DE system must be taken in the light that the spot abundance data were not
generated from the same representative spot as was the case with the Ettan
DIGE system. However defined amounts of GAPDH protein were added
(spiked) into the different time-point samples from the same source for both
the Ettan DIGE system and conventional 2-DE samples, and they therefore
should contain the same relative proportions of each GAPDH isoform. It can
be postulated that although the actual amounts of GAPDH in the spots could
not be compared between the Ettan DIGE system and conventional 2-DE sam-
ples, both the total density for the GAPDH cluster or the individual represen-
tative spot density were still effective indicators of GAPDH abundance, as
long as they were used consistently for the analysis of the conventional 2-DE
system. In this case the total density for the GAPDH protein cluster was used
for all 24 gels in the ‘one sample per gel ¢ study.

15.3.3 Comparison of Quantitative Proteome Analysis Results Between
the Two Systems

The predicted and observed protein abundances obtained from the two 2-DE
systems can be seen in Fig. 15.6. A comparison of the results between these
two systems in relation to the predicted abundance graphs is detailed below.

15.3.3.1 BSA

The Ettan DIGE system gave a protein abundance profile across the eight time
points for BSA (Fig. 15.6, box 1), which very closely matched the predicted
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trend. Additionally the individual abundance points for the replicates
grouped very closely together for each time point. In contrast, the observed
abundances for BSA obtained with the conventional 2-DE system gave a
poorly matched profile in comparison with the predicted trend. In fact, the
observed abundance bears a much closer resemblance to the predicted trend
for the Trypsin inhibitor. The grouping of individual results for each time
point is tighter than for the Ettan DIGE system.

15.3.3.2 Conalbumin

Again, the resultant observed protein abundance trend for conalbumin
(Fig. 15.6, box 2) bears a close resemblance to the predicted graph, although
the slope of the line is not as steep and reaches ~1.4 at time point 8 rather than
the expected time point 2. Individual spot groupings vary from being very
tight to a wide spread in the case of time points 4 and 8. In general, these indi-
vidual spot groupings are similar to those observed by the conventional 2-DE
system. However, the conventional 2-DE system graph is not a simple line
increasing in protein abundance with increasing timepoint. Time points 1 to
6 do maintain a good correlation with the predicted graph but time point 7
decreases, indicating a consistent result for its three replicate gels and time
point 8 increases again, but is not in line with the original trend established by
the first six time points.

15.3.3.3 GAPDH

Of the 4 protein spikes the GAPDH (Fig. 15.6, box 3) abundance profile pro-
duced by the conventional 2-DE system most closely resembled the predicted
graph, despite it being the most complex of the four. The Ettan DIGE system
graph also strongly correlated with the predicted abundance graph. Both sys-
tems detected the increasing level of GAPDH in the first four time points and
clearly delineated the reduction in time point 5. The increase from time points
5 to 8 was again detected by both systems although not as accurately as the
first increase in the profile. The Ettan DIGE system detected the second
increase with a similarly steepening curve but did not peak as high as the pre-
dicted level. Whereas the conventional 2-DE system peaked at a similar level
to that in the predicted graph. However, the curve was not as accurate mainly
due to the three time point 7 gels underestimating the level of GAPDH. The
grouping of individual results at most time points were again close for both
systems. One must consider the fact that the 2-DE conventional results for
GAPDH will have been affected by the merging of the spots in the cluster
necessitating the quantitative analysis of all the spots in most gels rather than
the specified representative spot. This could be responsible in part for the
accuracy of these results or could have contributed to the reduction in abun-
dance seen at time point 7. If the former is true then this increases the doubt
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over the capability of the tested conventional 2-DE system to accurately quan-
titate abundance changes to specific protein spots.

15.3.3.4 Trypsin Inhibitor

The Ettan DIGE system detected this spiked protein as a gentle curving reduc-
tion from the predicted level down to a level slightly higher than that indi-
cated in the predicted graph. A small reduction is indicated at time point 4
and so the Ettan DIGE system has not determined the plateau in trypsin
inhibitor (Fig. 15.6,box 4) abundance to time point 4 with complete accuracy.
Nevertheless, the increasing reductions in protein level from time point 5
upwards and the general decreasing slope up to time point 8 have been cap-
tured by the Ettan DIGE system. The conventional 2-DE system has also
detected the reduction in trypsin inhibitor abundance but a consistently low
observation at time point 2 gives the graph a misleading dip for one time
point in trypsin inhibitor protein abundance where there should have been a
plateau between time points 1 and 4.

The trends for the four spiked protein observed with the Ettan DIGE sys-
tem closely match the predicted abundance profiles. Although the observed
trends are not perfect matches to the predicted values a user performing a
quantitative proteome study over a series of time points should be confident
that the changes and trends in observed protein abundances for proteins of
interest would closely resemble those actually occurring in the system under
study. Conclusions could be made with a high degree of confidence about
changes in protein abundance over a range of time points utilising this exper-
imental system and incorporating the internal standard experimental design.

In contrast, the conventional 2-DE system did not reliably determine the
changes and trends in observed protein abundance. Of the four protein spikes
conalbumin and GAPDH bore the closest resemblance to the predicted
graphs. The GAPDH results suggest that this conventional 2-DE system is
capable of accurately elucidating multifaceted changes in protein abundance
from within complex proteome samples, however, the evidence from the other
protein spikes tested suggests this system cannot do this reliably. Even in the
case of conalbumin and GAPDH some subtle changes in the observed trends
were apparent. Furthermore, in the case of BSA and trypsin inhibitor the
trends could be easily mistaken for those of other proteins e.g. BSA for trypsin
and vice versa. These disparities between the actual and observed protein
abundances could easily lead to the misinterpretation of results.

15.4 Conclusions

This study and the work of Alban et al. have demonstrated that a 2-DE exper-
imental design incorporating an internal standard allows accurate quantita-
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tive comparison whilst carrying out complex studies like time courses, dose
responses etc. (Alban et al. 2003). Inclusion of an internal standard in all the
gels in a study, aids gel to gel matching, increasing the confidence in detection
and quantitation between different samples on different gels. The internal
standard additionally allows the accurate comparison of protein abundance
between samples.

The Ettan DIGE system has the added advantage of an extended linear
dynamic range coupled to high sensitivity (5 orders of magnitude and
>125 pg protein per spot) enhancing the range of protein differences that can
be detected to include the subtle smaller differences as evidenced in Fig. 15.6.
Conventional ‘one sample per gel’ 2-DE analysis is able to detect gross changes
in protein abundance but even these were with a reduced confidence due to
the spurious and potentially misleading variations introduced by this system.

The Ettan DIGE system incorporating an internal standard has an added
benefit over the conventional ‘one sample per gel’ system due to the reduced
number of gels required to run the same number of samples, in this case 12 gels
compared with 24. Utilising the 2-DE equipment used in this study reduces the
number of IEF and SDS-PAGE runs required to perform a study of this
size,thus, potentially halving the time taken to perform the first and second
dimension sections of the experimental work. This reduction in the number of
gels inherently reduces the potential level of gel to gel variability. Furthermore,
pre-labelling the samples with the CyDye DIGE Fluor minimal dyes required
approximately 2 h to perform compared to the SYPRO Ruby protein staining
protocol, utilised in this study to obtain maximum sensitivity, which took an
extra day. It should also be noted that the Progenesis image analysis process is
significantly more hands on than DeCyder, requiring manual spot editing and
more manual matching. Other image analysis software packages and protein
labelling systems may reduce the time taken with image analysis and protein
staining but will still be burdened with the heavier ‘one sample per gel’ work-
flow. Thus the Ettan DIGE system with the internal standard offers the experi-
menter the potential for higher throughput or shorter study times.

If 2-DE is to reach its full potential then it must be able to accurately detect
and quantitate differences in protein abundance between samples of interest.
These differences must be the result of real biological variations and not due
to system/experimental variation. Furthermore, the experimenter needs sta-
tistical confidence in these differences if the results of a study are to carry sci-
entific weight. As in some other image analysis packages a statistical confi-
dence level is assigned to all protein abundance changes observed in the Ettan
DIGE system, while Progenesis Discovery is not, at present, as sophisticated in
terms of its statistical options only offering options for re-sampling and coef-
ficient of variance determination. The inclusion of an internal standard in
every gel, which is made possible by the multiplexing nature of the Ettan
DIGE system, offers improved experimental accuracy and gives the experi-
menter greater confidence in their results.
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16 Genetic Engineering of Bacterial and Eukaryotic
Ribosomal Proteins for Investigation on Elongation
Arrest of Nascent Polypeptides and Cell
Differentiation

FoTINI LEONTIADOU, CHRISTINA MATRAGKOU, FiLIPPOS KOTTAKIS,
DimiTrios L. KALPAXIS, JOANNIS S. VIZIRIANAKIS, SOF1A KouiDou,
ASTERI0S S. TSIFTSOGLOU and THEODORA CHOLI-PAPADOPOULOU

16.1 Introduction

This paper describes our efforts to investigate the role of specific bacterial
and eukaryotic ribosomal proteins in crucial cell functions such as elongation
arrest of the nascent polypeptides and cell differentiation. These objectives
have been approached by: (1) engineering the L4 bacterial ribosomal protein,
which has been shown by crystallographic data to be a candidate molecule for
controlling the nascent polypeptides before their emerge from the ribosome,
to elucidate specific amino-acids functions in highly conserved regions; and
(2) isolating specific eukaryotic genes, like S5 and L35a, that encode riboso-
mal proteins to study their possible involvement in hematopoietic cell differ-
entiation and apoptosis.

The large ribosomal subunit (50S) in prokaryotes catalyses peptide bond
formation and binds initiation, termination and elongation factors. Proteins
are abundant everywhere on its surface except in the active site where peptide
bond formation occurs and where it contacts the small subunit. The peptide
bond formation has been studied for a long time but only recently it is
strongly believed to be enlightened by crystallographic data (Nissen et al.
2000). However, the catalytic mechanism of the reaction on the ribosome and
the ribosomal groups involved in catalysis is not known and there are still
controversies concerning the reaction of the peptide bond formation (Katu-
nin et al. 2002).

Another very important step after peptide bond formation and transloca-
tion is the passage of the nascent polypeptide chain through the tunnel, the
existence of which is confirmed by crystallographic data (Nissen et al., 2000).
It appears very likely from the structure (Tenson and Ehrenberg 2002) that all
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nascent polypeptides pass through the exit tunnel before emerging from the
ribosome. The length of the tunnel from the site of peptide synthesis to its exit
is about 100 A, which is consistent with the length of nascent polypeptide that
is protected from proteolytic cleavage by the ribosome (Picking et al. 1992),
and the minimum length required for antibody recognition at the exit. The
narrowest part of the tunnel is formed by proteins L22 and L4, which
approach the tunnel from opposite sides, forming what appears to be a gated
opening (Nissen et al. 2000). This partial elucidated ribosome crystal struc-
ture from the large subunit shows that the tunnel walls largely consist of
hydrophilic non-charged groups, thereby facilitating the passage of all kinds
of peptide sequences. Tunnel dependence on the peptide sequences and cur-
rent data from several systems show that the exit cannot be sequence-neutral.
Nascent peptides in prokaryotes and eukaryotes contain special sequence
motifs, and when these effector sequences are situated in the exit tunnel of
translating ribosomes, they can dramatically affect both protein elongation
and peptide termination (Lovett and Rogers 1996).

Another interesting issue concerning extra functions of ribosomal pro-
teins, is their possible involvement in cell differentiation and apoptosis of
hematopoietic and other cell lines. For example, it has been observed that
down-regulation of expression of genes encoding ribosomal proteins occurs
in differentiating leukemia HL-60 and K562 cells, as well as 3T3-L1 adipocytes
(Mailhammer et al. 1992, Lin et al. 1994, Xu et al. 1994). Furthermore, apop-
totic PC12 cells exhibited an up-regulated level of rpL4 gene expression
before DNA fragmentation, and COS-7 cells transfected with rpL4 cDNA
showed DNA fragmentation in an extent proportional to the amount of rpL4
cDNA transfected into these cells (Kajikawa et al. 1998). Moreover, NIH3T3
cells stably transfected with rpS3a cDNA become apoptotic in numbers pro-
portional to the expression level of exogenous rpS3a gene of these cells
(Naora et al. 1998).

In the following sections of this paper, we present experimental approaches
for investigating the role of prokaryotic and eukaryotic ribosomal proteins in
the elongation arrest of nascent peptide chains and hematopoietic cell differ-
entiation process.

16.2 The Involvement of L4 Ribosomal Protein on Ribosome
Elongation Arrest

Proteins L4 and L22 are known to be among the early assembly proteins of the
large ribosumal subunit (Herold and Nierhaus 1987, Stelzl et al. 2000). These
proteins play a scaffolding role, and their modifications could perturb the
assembly of the 50S particle, resulting in large-scale deformations. Changes in
L4 and L22 proteins - a single amino acid substitution Lys63Glu in L4 and a
deletion of three amino acid residues, Met82, Lys83, and Arg84 in L22; (Chit-



Chap. 16 Genetic Engineering of Bacterial and Eukaryotic Ribosomal Proteins 253

tum and Champney 1994) - lead to erythromycin-resistance mutations (Ga-

bashvili et al. 2000) that are due to the alteration of the conformation probably

of their tails extending from the globular parts (Unge et al. 1998).

In contrast to chloramphenicol and lincosamides, macrolides of the ery-
thromycin class do not block peptidyl transferase activity (Vazquez 1975). It
is likely that erythromycin blocks the tunnel that channels the nascent pep-
tides away from the peptidyl-transferase centre (Nissen et al. 2000, Yonath et
al. 1987, Milligan and Unwin 1986). On the light of these erythromycin-
related data the following experiments were designed in our laboratory to
study the regulatory role of ribosomal proteins in the rate of elongation of
different polypeptides. These experiments include: (1) production of
mutated recombinant ribosomal proteins; (2) development of mutant bacte-
ria bearing specific mutated ribosomal proteins, and (3) evaluation of the
effects that the mutated ribosomal proteins exert in the transcription/trans-
lation machinery in a cell-free system. The following is a brief description of
these experiments.

1. Mutations of specific highly conserved amino acids located within the
extended loop of the eubacterial L4 protein from Thermus thermophilus
which is involved in the tunnel function according to crystallographic data
presented elsewhere (Nissen et al. 2000). Isolation and characterization of
recombinant plasmids bearing either the wild-type L4 (wtThL4), or the
mutated forms of L4 cDNA.

2. The resulting recombinant plasmids carrying either the wtTthL4 or the
mutants L4 are used to transform E. coli BL21 (DE3) and the transformed
cells are grown for the preparation of the different cell-free systems accord-
ing to the method devised by Zubay (1973). Furthermore, ribosome isola-
tion and protein identification was carried out in order to verify the incor-
porated mutants.

3. The coupled transcription/translation of different genes from proteins with
different molecular masses, sequences and conformations is performed
using the different isolated S30 extracts in the presence of [3S]Met (2.6
dpm/pmol) as described by Zubay (1973). Incubation times range from 10 to
45 min in order to investigate the different arising pause-site peptides. The
cell-free translation products are analyzed by SDS-PAGE followed by
autoradiography using the molecular dynamics phosphor-imager. Repre-
sentative results derived from these experiments are included in Figs. 16.1
and 16.2. In Fig. 16.1 it is shown that the incorporation of a Thermus ther-
mophilus L4 mutant (TthL4), which is within the highly conserved glutamic
acid 56, has been substituted by glutamine, which was successfully incorpo-
rated in ribosomes. Also, the data of Fig. 16.2 show an example for the differ-
ent pause-site peptide patterns produced after in vitro transcription/trans-
lation of the IF2 initiation factor by E. coli ribosomes harboring the
wild-type E. coli L4 and ribosomes with Thermus thermophilus L4 mutant
(Glu56 was changed to glutamine). These results confirm the appearance of
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Fig.16.1. 2D gel elec-
trophoresis of Total Proteins
isolated from 70S E. coli ribo-
somes (TP-70). The arrows
indicate the endogenous E.
coli L4 and the incorporated
T. thermophilus L4 mutant
(TthL4-gln%6)
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Fig.16.2. Autoradiogram of
SDS-gel electrophoresis of IF2
nascent chains using the $30
extracts from E. coli cells
BL21/pET11a/TthL4-Gln%s.
Phosphorimager scan of trans-
lation products is given next to
each autoradiograph: upper
curve without erythromycin,
lower curve with ery-
thromycin. Arrows indicate the
position of full-length product.
Numbers 1, 2, 3 and 4 repre-
sent the full-length product
IF2 (1) and pause-site peptides
(2,3,4)
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the pause-site peptides, which are produced besides the full-length nascent
chain of IF2. The arrow indicates the full-length product and the peaks cor-
respond to the different intensities to the pause-site peptides.

Similar experiments with other highly conserved amino acids would pro-
vide information about the different rate of translation on the elongation level
of different proteins and therefore important information corroborating the
dependence on the translation on the unique amino acid sequence of the
nascent polypeptides, as well as, the involvement of these mutated amino
acids of the ribosomal protein on the elongation arrest.

16.3 Down-Regulation of rpS5 and rpL35a Gene Expression
During Murine Erythroleukemia (MEL) Cell Differentiation:
Implications for Cell Differentiation and Apoptosis

The virus transformed murine erythroleukemia, (MEL, or Friend) cells have
been widely used as a suitable model system for red blood cell maturation
(erythropoiesis). MEL erythroid cell differentiation resembles the differentia-
tion of early erythroid progenitor CFU-E cells into orthochromatophilic nor-
moblasts (Tsiftsoglou and Wong 1985, Marks et al. 1987, Tsiftsoglou et al. 1987,
1992). During the development of red blood cells, several genes are activated
transcriptionally (e.g. genes encoding heme biosynthetic enzymes and hemo-
globin), while others progressively repress (Marks et al. 1987, Tsiftsoglou et al.
2002). The group of non-globin genes that are inactivated quite early in the
differentiation process include genes that encode ribosomal RNA (rRNAs)
that are tandemly repeated and transcribed into 28S, 18S and 5.8S rRNAs
(Tsiftsoglou et al. 1982). This marked reduction in the transcription of rRNAs
genes, taken together with a dramatic decrease in protein synthesis seen in
differentiated cells, and with the number of ribosomes decreasing as the cells
progress from the erythroblastic stages into reticulocyte-like cells, suggest
that both changes in rRNA synthesis and in the genesis of ribosomes occur in
a coordinating manner as part of the erythroid differentiation process.
Apparently, abnormalities in these processes could lead to some of the reticu-
locyte disorders like reticulocytosis (Bessis et al. 1983).

Detailed Northern blot hybridization analysis of differentiating MEL cells
revealed that induction of differentiation is associated with down-regulation
of rpS5 and rpL35a genes that encode discrete ribosomal proteins of small
and large ribosomal subunits respectively (Vizirianakis et al. 1999, Pappas et
al. 2001). This gradual repression of mouse ribosomal protein genes occurred
independently to the inducer used. Our finding, however, that blockade of
MEL cell differentiation by Né-methyladenosine, (N®mAdo), an inhibitor of
commitment and RNA methylation, allowed the rpS5 and rpL35a genes to be
actively transcribed, thus indicating that the repression of rpS5 and rpL35a
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genes is closely related to the initiation of commitment (Vizirianakis et al.
1999, Pappas et al. 2001). These results are consistent with early observations
showing that rRNAs genes are inactivated exclusively in terminal differenti-
ated cells (Tsiftsoglou et al. 1982). Our findings are also consistent with the
observation that human promyelocytic HL-60 cell differentiation induced by
various agents is accompanied by substantial down-regulation of rpL3 gene
expression and that human erythroleukemia K-562 cells induced by phorbol
ester treatment along to megakaryocytic differentiation pathway exhibit a
reduction in the steady-state level of rpL35, rpL31, rpL27 and rpL21 mRNAs
(Mailhammer et al. 1992, Lin et al. 1994). Similar changes in ribosomal protein
mRNA levels during rat intestinal differentiation have been reported
(Maheshwari et al. 1993). However, on other occasions such as during termi-
nal differentiation of myoblasts to myotubes, (where cells become perma-
nently post-mitotic), no change in the expression level of rpL37 gene has been
observed (Su and Bird 1995). Overall, since the same data were observed dur-
ing differentiation of two different types of cells (MEL and neuroectodermal
RD/TE-671), it suggests that the suppression of rpS5 and rpL35a gene expres-
sion represents a more or less physiologic event associated with the differen-
tiation process itself. The finding that similar down-regulation of expression
of genes encoding ribosomal proteins occurs also in differentiating HL-60,
K562 cells and 3T3-L1 adipocytes further supports this conclusion (Mailham-
mer et al. 1992, Lin et al. 1994, Xu et al. 1994).

In addition to the role of ribosomal protein gene expression in cell differen-
tiation, several other studies have implicated these genes in apoptosis (Naora et
al. 1998, Kajikawa et al. 1998). In PC12 cells induced to apoptosis by 5-azacyti-
dine thelevel of rat rpL4 gene expression increased before DNA fragmentation,
whereas in transfected COS-7 cells DNA fragmentation occurred to an extent
proportional to the amount of rpL4 cDNA transfected into the cells (Kajikawa
et al. 1998). Moreover, NIH3T3 cells stably transfected with rpS3a cDNA, the
expression level of exogenous rpS3a gene was correlated with apoptosis
observed in these cells (Naora et al. 1998). In our studies, however, no suppres-
sion of rpS5 and rpL35a genes was observed either in apoptotic or cell cycling
MEL cells (Vizirianakis et al. 1999, Pappas et al. 2001). These data are consistent
with the observation that rpL37,rpS6,rpS11 and rpS14 genes are constitutively
expressed during transition from quiescence to active proliferation in different
cell types (Su and Bird 1995, Ferrari et al. 1990).

Eukaryotic cells contain several ribosomal proteins of various structure
and function (e.g. 80 ribosomal proteins have been isolated and characterized
in the rat) (Wool et al. 1995). We do not know precisely how all these proteins
contribute to the formation of the 40S and 60S ribosomal subunits and to
what extent contribute to the protein synthesis. In MEL cells for example, it
has been proposed that the ribosomal proteins are added sequentially during
the formation of the 40S small ribosomal subunit (Todorov et al. 1983).
Although the role of these proteins is structural, recent studies have shown
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that the ribosomal proteins have different structural motives and may have a
functional role as well (Wool et al. 1995, Wool 1993). Evidence now exists to
indicate that rpS3 can act as a putative receptor for suberoylanilide hydrox-
amic acid, (SAHA), that promotes erythroid MEL cell differentiation (Webb et
al. 1999). RpS5, rpS4 and rpS12 have been implicated in the signaling step for
the formation of a peptide bond, (after the binding of tRNA in the ribosome),
during the translation process (Purohit and Stern 1994, Schroeder 1994).
Moreover, it has been suggested that rpL35 and rpL23a perhaps mediate the
targeting of a ribosome-nascent chain complex to the endoplasmic reticulum
(Pool et al. 2002). The studies presented above dissect the functions of riboso-
mal proteins in the ribosome structure and protein biosynthesis from those
involved in cell proliferation, differentiation, or apoptosis. In this regard, it
will be of great interest to demonstrate whether or not rpS5, rpL35a, and/or
other ribosomal proteins are involved in the accumulation of translationally
inactive rather than active salt-labile 80S ribosomal complexes seen in differ-
entiating MEL cells, as it has been claimed that this peculiarity is in part due
to the lack of the poly(A)-binding protein (PABP) in RNA transcripts bound
into the ribosomes (Hensold et al. 1996).

Studying ribosomal protein gene expression patterns during differentia-
tion and apoptosis in leukemia cells will provide valuable information on the
role of these genes during normal hematopoiesis.
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Photolabile Arylazido Groups
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Abstract

The ability of MALDI-MS to analyze photolabile arylazido peptide derivatives
was investigated. Peptides containing UV-labile p-azidobenzoyl groups were
subjected to MALDI-MS analysis in a variety of matrices. As a standard
MALDI-MS employs a UV laser (337 nm), we investigated conditions that
would allow detection of the intact molecule ions for these modified peptides.
When using a-cyano-4-hydroxycinnamic acid (ACHC) or 2,5 dihydroxyben-
zoic acid (DHB) as the matrix, photoinduced degradation products were
prevalent. In contrast, when employing the matrix sinapinic acid, the intact
molecule ion corresponding with the azido peptide was the predominant sig-
nal. The protection of photolabile azido derivatives correlates with the UV
absorbance properties of the matrix employed, i.e. sinapinic acid which
exhibits a strong absorbance near 337 nm most efficiently protects the azido
derivative from photodegradation.

17.1 Introduction

Photoactivatable reagents are powerful tools in the study of molecular inter-
actions [1, 2]. Arylazido modified peptides can conveniently be prepared by
reacting an activated p-azidobenzoic acid derivative with amino groups pre-
sent either at the N-terminus or at lysyl side chains. Activation of these p-azi-
dobenzoyl peptides is achieved by UV-light irradiation, which results in loss
of nitrogen (N,) and formation of a reactive nitrene intermediate. The reac-
tive species can then form a covalent bond with a nearby protein chain. This
can lead to the identification of a binding site, e.g. of a ligand and a receptor
or a substrate and an enzyme.

A convenient way of preparing azidobenzoyl peptides involves reacting the
peptide with an activated azidobenzoic acid derivative, such as the hydroxy-
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succinimidyl ester. These reagents react with the primary amino groups in the
peptide, the N-terminal amino group or the e-amino group in lysyl residues.
In cases where several amino groups are present, one or more of these reactive
groups can become modified. It is important to determine which amino
group carries the modification to reproducibly generate the one that exhibits
the highest affinity for its receptor or other binding partner. The full charac-
terization of photolabile components represents a challenge as many analyti-
cal procedures involve the use of UV light, e.g. UV detection during HPLC
purification and UV laser irradition during MALDI-MS analysis. We have
therefore investigated conditions for MALDI-MS analysis that would allow
the detection of intact photoactivatable peptides.

The CRF family of neuropeptides is involved in essential responses to stress
[3]. Centrally these peptides activate the pituitary adrenal axis. Peripheral
effects include an influence on blood pressure as well as immune and inflam-
matory responses. To date four members of the CRF peptide family have been
characterized in mammals [4]. The receptors for the CRF peptides belong to
the G-protein coupled seven transmembrane receptor family. Two subtypes
have been characterized that exhibit differential affinity for the ligands [5, 6].
We have recently identified the first extracellular domain of the CRF type I
receptor as playing a major role in agonist and antagonist binding [7]. In par-
ticular the synthetic peptide antagonist Astressin binds the first extracellular
portion with high affinity. The present study resulted from our interest in gen-
erating an Astressin analog that could be used to photolabel the binding
region of the first extracellular domain of the type I CRF receptor.

17.2 Results and Discussion

The corticotropin releasing factor antagonist DTyr!2-astressin [8] was reacted
with N-hydroxysulfosuccinimidyl-4-azidobenzoate. The peptide contains one
lysine residue and a free N-terminal amino group. Acylation can thus result in
modification of either of the amino groups or of both. Consistent with this
fact, three major products were isolated after HPLC separation. Inspection of
the sequence revealed that digestion with V8 protease would generate sepa-
rate fragments containing the N-terminal amino acid and the single lysyl
residue. Digestion with V8 protease was carried out in ammonium bicarbon-
ate buffer at pH 8.3 for all three products. An aliquot of the digestion mixture
was resolved by reversed phase HPLC. The HPLC fractions as well as the crude
digests were subjected to MALDI-MS analysis. The following analyses were
carried out on the C-terminal peptide H-Gln-Leu-Ala-Gln-Glu*-Ala-His-
Lys*-Asn-Arg-Lys(pAzbz)-Leu-Nle-Glu-OH, where the side chains of Glu*
and Lys* are connected by a lactam bridge and Lys(pAzbz) represents the p-
azidobenzoyl modified lysine. The N-terminal peptide was also analyzed giv-
ing similar results (data not shown). Initial analyses were carried out employ-
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Fig.17.1. MALDI-MS spectrum of arylazido peptide employing ACHC matrix. The cal-
culated mass for the intact arylazido peptide is [M+H]*=1805 Da

ing a-cyano-4-hydroxycinnamic acid (ACHC) as the matrix. This matrix is
commonly used when analyzing peptides with molecular weights <5000 Da.
The modified peptides exhibited a strong signal 26 mass units lower than that
expected for the benzoylazido peptides (Fig. 17.1). Additional weak signals
were observed that were 10 and 43 mass units lower than expected for the
[M+H]* of the modified peptide. No significant signal was observed at
m/z=1805, the expected mass for the intact arylazido peptide. The major sig-
nal at m/z=1779 is consistent with a loss of nitrogen (N,) and an addition of 2
hydrogen atoms (H) to the nitrene which could have occurred during storage
or purification of the peptide or during analysis in the mass spectrometer. To
investigate these possibilities, the modified peptides were analyzed in differ-
ent matrices by MALDI-MS and, utilized an ionization procedure which did
not involve UV-irradiation, by ESI ion trap MS.

Figure 17.2 shows the MALDI-MS spectrum obtained for the N-terminal
peptide using 2,5 dihydroxybenzoic acid (DHB) as the matrix. The predomi-
nant species is again observed at m/z=1779 with a minor signal present at
m/z=1795. Again, no significant signal could be observed for the intact ary-
lazido peptide (calculated [M+H]+*=1805).

The signal corresponding to the intact photolabile peptide at m/z=1805
was the major signal when using sinapinic acid as the matrix (Fig. 17.3). In
addition, a strong signal at m/z=1779 and a very weak signal at m/z=1762
were observed. When the peptide was analyzed by electrospray ionization ion
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Fig.17.2. MALDI-MS spectrum of arylazido peptide employing DHB matrix. The calcu-
lated mass for the intact arylazido peptide is [M+H]*=1805 Da
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Fig. 17.3. MALDI-MS spectrum of arylazido peptide employing sinapinic acid matrix.
The calculated mass for the intact arylazido peptide is [M+H]*=1805 Da
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trap mass spectrometry, the predominant signal corresponded with the intact
arylazido peptide, none of the degradation products were observed (data not
shown). This indicates that the photodegradation products were formed in
the MALDI mass spectrometer.

In Fig. 17.4, the traces of mass spectra obtained employing ACHC and
sinapinic acid are overlayed. The mass differences to the intact [M+H]* for
the arylazido peptide are shown. The photodegradation products are
observed at a signal of [M+H-10]*, [M+H-26]* and [M+H-43]*, respectively.
The chemistry of azido compounds and that of their photoactivation has been
studied extensively [1, 2]. The first step of the activation involves elimination
of N, and formation of the reactive nitrene. The nitrene then reacts by inser-
tion into C-H or C-C bonds. Alternatively, other reactive intermediates such
as the seven-membered heterocyclic tropolone can form and in turn react
with functional groups in neighboring proteins. The MALDI-MS analysis of
ATP azido derivatives has been described by Chen et al. [9]. These authors
recorded MALDI spectra in the negative mode and detected mainly [M-H-
26]- and [M-H-12]- species. The [M-H-26]- is proposed to arise from elimina-
tion of N, and addition of 2H, whereas the [M-H-12]- is likely to result from
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Fig. 17.4. Overlay of spectra recorded with sinapinic acid (top) and ACHC matrix (bot-
tom). The differences of observed masses to the the [M+H]* of the intact arylazido pep-
tide are shown
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N, elimination and addition of oxygen. The species at [M-H-10]-, which is not
observed in the analysis of azido-ATP is proposed to be the result of N, elim-
ination and addition of H,O. Based on the study by Chen et al. [9] and our
observations, we propose the following interpretation of the masses observed
for the photodegradation products (Fig. 17.5). The [M+H-10]* species results
from elimination of N, and addition of H,0O, possibly leading to te formation
of a hydroxylamine. The species at [M+H-26]* is most likely the result of N,
elimination and the addition of two hydrogen atoms which could lead to the
formation of an amine. Loss of the azido group (N;) should lead to a species at
[M+H-42]*, whereas we observe a signal at A=-43. We interpret this as a non-
protonated species, thus [M-42]* corresponds with the positively charged
molecule ion that has lost the N,- anion.

To investigate the differences in the matrices ability to protect photolabile
peptides from degradation by laser illumination, we recorded the UV spectra
of the matrices employed (Fig. 17.6). Of the three matrices, sinapinic acid
exhibits the highest absorbance near the wavelength of the laser employed
(337 nm). The absorbance of both ACHC and DHB is approximately 50 %
lower in this wavelength region. It is, therefore, likely that more of the laser
energy is absorbed by sinapinic acid rather than by the other matrices, which
leads to a protection of the analyte from photodegradation.

The results presented here show that azidobenzoyl peptides undergo pho-
toactivation during MALDI-MS analysis to a different extent depending on
the matrix employed. Analysis by MALDI-MS resulted in the formation of
mainly two reaction products during laser irradiation, the [M+H-26]* and
[M+H-10]* species, when ACHC or DHB are used as a matrix. When sinapinic
acid is employed, the authentic azido peptide [M+H]* becomes the predomi-
nant signal. The reaction products are proposed to result from loss of N, and
the addition of 2H or H,0, respectively. These differences in signal abundance
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Fig. 17.6. UV spectra of sinapinic acid (solid line), ACHC (dashed line) and DHB (dott-
ted line). The matrices were dissolved at a concentration of 0.01 mg/ml in 0.3 % trifluo-
roacetic acid, 30 % acetonitrile/water

for the degraded species are likely to be a consequence of the UV absorbance
characteristics of the matrix molecule compared to the analyte. The matrix
sinapinic acid appears to protect the analyte with the highest efficiency from
UV irradiation.

17.3 Experimental Procedures
17.3.1 Azidobenzoylation of Astressin

DTyr12-astressin (0.07 mg) was reacted with N-hydroxysulfosuccinimidyl-4-
azidobenzoate (1.8 mg) in 20 mM sodium phosphate buffer (pH 7) for 70 min
at RT. The reaction mixture was separated by reversed-phase HPLC. The three
major components were collected and further analyzed.

17.3.2 V8 Peptidase Digestion of Modified Peptides

The modified peptides collected after HPLC separation were lyophilized and
digested with 1 pg V8 protease (Roche Biochemicals, Indianapolis) in 50 pl
ammonium bicarbonate buffer (50 mM, pH 8.3). The digests were resolved by
reversed phase HPLC. The fractions were analyzed by MALDI-MS to identify
the modified proteolytic fragments.
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17.3.3 MALDI-MS Analysis

MALDI-MS spectra were measured on an ABI-Perseptive DE-STR instru-
ment. The instrument employs a nitrogen laser (337 nm) at a repetition rate of
20 Hz. The spectra were recorded in the delayed extraction mode. The accel-
erating voltage was 20 kV. All spectra were recorded in the positive reflector
mode. Spectra are sums of 100 laser shots. Matrices (sinapinic acid and a-
cyano-4-hydroxycinnamic acid) were prepared as saturated solutions in 0.3 %
trifluoroactetic acid and 30 % acetonitrile. The matrix 2,5-dihydroxybenzoic
acid was prepared at 1 mg/ml in the same solvent mixture.

17.3.4 UV Spectra

UV spectra were recorded at a concentration of 0.01 mg/ml in 0.3 trifluo-
roacetic acid and 30 % acetonitrile/water as solvent. This is the same solvent
used for MALDI matrices in the analyses described above.
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18 A New Edman-Type Reagent for High Sensitive
Protein Sequencing
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RALF KRUGER, MiCHAEL KARAS and BRIGITTE WITTMANN-LIEBOLD

Abstract

A variety of applications in the proteomics field still rely on the Edman
sequencing: The method is used to confirm MS data, to identify the amino-
terminus, for heterogeneity assignment, domain structure analysis or the
determination of proteolysis sites. However, the major benefit of the Edman
sequencing method is clearly its de novo sequencing and quantification capa-
bility and, hence, it is still a powerful alternative to mass spectrometry.

To overcome the limited sensitivity of present-day sequencers, we would
like to introduce in this text two innovations in Edman sequencing:

- The Chip Sequencer, a microreaction system which delivers minute
amounts of reagents and solvents adapted to low femtomole protein
amounts.

- A new Edman-type coupling reagent which results in comparable coupling
and degradation yields as PITC in the typical Edman chemistry. Addition-
ally, this reagent offers a detection limit in the low attomole range of the
released thiohydantoin amino acid derivatives.

Nowadays, we still perform automated wet-phase sequencing, with off-line
detection by GC-MS. The method, the chemical adaptation to the Chip
Sequencer and an on-line interface are being optimized. The combination of
the new coupling reagent with the Chip Sequencer and detection in a GC sys-
tem makes amino acid sequencing in the low femtomole range feasible and
will largely support any future proteome research. A sequencer combining
these features will be commercially available in spring 2004.
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18.1 Introduction

Various methods for the identification of proteins and peptides by mass
spectrometry have been developed and refined in the last few years. For
example, identification of protein spots from a high resolution 2-DE gel by
enzymatic digestion and MALDI peptide fingerprinting is straightforward if
the protein is known. With the nanospray, ion-trap and Q-TOF electrospray
instruments, it is claimed that de novo sequencing is possible if the peptide
is not too large. However, chemical sequencing is still necessary in various
applications.

Since Pehr Edman [1] published the identification by stepwise chemical
degradation of proteins the sensitivity was enhanced from micromole to high
femtomole amounts. Namely, technical innovations like the Protein Sequena-
tor introduced by Edman and Begg [2], dead volume free delivery valves and
the automatic conversion by Wittmann Liebold [3], the design of the cartridge
by Hood and Hunkapillar [4] or the on-line coupling to liquid chromatogra-
phy [5] made this possible. In the last few years, further refinement of the
valve blocks or the introduction of capillary liquid chromatography improved
the performance of protein sequencers. Recently, Tempst and his coworkers
have shown sequencing of 100 femtomole B-lactoglobulin with a self-con-
structed sequencer and a 300-um capillary LC [6].

We developed a microreaction system [7, 8] as the next step in miniaturiz-
ing automates for Edman chemistry. In this system, all essential valves, as well
as the reaction chamber, are arranged on one chip. Inner volumes and the li-
quids for delivery are reduced to the submicroliter scale. The miniaturization
of the volumes and the inner surfaces are advantageous for the application to
Edman sequencing. The delivery volume of the reagents is adapted to minute
protein amounts; washing and drying steps are more effective and fast. The
consumption of reagents and solvents is reduced, but miniaturization of the
sequencer hardware alone is not sufficient to gain a sensitivity which is com-
petitive to the different mass spectrometric methods for the identification of
proteins. In present-day sequencers, the UV detection limits the scale of high
sensitive identification of the released amino acids. In the past, many attempts
were made to introduce different detection systems for Edman sequencing or
alternative isothiocyanate derivatives (see 9 for a review), but none of the
methods have progressed into routine usage. The difficulty in this task is to
find a reagent, a derivatization or a detection system which fulfills three con-
ditions at the same time: (1) the Edman chemistry must run at high repetitive
yields, (2) the reagent should be suitable for gas-phase or wet phase sequenc-
ing without the need of covalent attachment of the proteins and (3) the
released amino acids should be detectable at very low concentrations, in the
low femtomole to subfemtomole range.

Here, we have introduced 1,3 bis-(trifluoromethyl)-phenylisothiocyanate
as a new Edman-type coupling reagent which fits perfectly well to these con-
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ditions. This reagent shows high yields in the coupling reaction as well as in
the cleavage and conversion reaction. The repetitive degradation yields are as
high and as obtainable with the standard PITC chemistry. The reagent can be
used in the normal pulsed liquid phase, in the gas-phase or in the wet-phase
mode without covalent attachment of the proteins. Due to its high content of
fluorine, this reagent and its Edman derivatives can be detected by electron
capture detection or negative chemical ionization and it offers detection lim-
its in the low attomole range of the thiohydantoin derivatives.

18.2 Materials and Methods

Reagents and solvents for manual and automated sequencing were purchased
from Applied Biosystems, Sigma Aldrich and Fluka. No further purification
was made. 1,3-bis-(trifluoromethyl)-phenylisothiocyanate was purchased
from Sigma. Thiohydantoin derivatives of all amino acids were produced by
manual coupling of 400 nmol of each amino acid with 12 pmol 1,3-bis-(triflu-
oromethyl)-phenylisothiocyanate (FM-PITC) in acetonitrile/water/pyridine/
ethanol/TMA (40/20/20/15/5) at 55 °C for 1 h. After drying the FM-PTC amino
acids the conversion was done with 20 % TFA in water/acetonitrile (30/70) at
58 °C for 1 h. The reaction rate was measured by adding the same amounts of
PITC and FM-PITC to the amino acid as described above. Manual sequencing
was performed as described in [10]. Automated sequencing was done in the
Chip Sequencer which we developed and constructed in ConSequence
GmbH, Teltow or in a Knauer Sequencer Modell 910. As an HPLC system, an
isocratic HPLC from Knauer (column YMC ODS AM id. 3 mm, length
250 mm, particle size 3 pm, buffer 42 % acetonitrile, 20 mM sodium acetate,
140 mg SDS/1t, or a 130A gradient system from ABI equipped with a Shimadzu
SPD 10AV (column Sepserv ODS, gradient 35-70 %) was used. GC measure-
ments were done on an Agilent 6890 N equipped with a PTV injection system
and a 5973 N mass selective detector in negative chemical ionization mode
(column HP5 MS, methane as reagent gas).

18.3 Results
18.3.1 Chip-Sequencer

We constructed a new innovative sequencer. This Chip Sequencer offers a
number of advantages compared to other systems. Delivery of reagents is
between 0.2 and 1 pl and is adapted to minute protein amounts. The con-
sumption of reagents and solvents as compared to the ABI Procise Sequencer
is reduced to 30 %. Due to the small inner surfaces and volumes - the reaction
chamber has a total volume of 3 pl including all delivery lines - washing and
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Fig. 18.1. A Coomassie stained blot of 3 mm diameter prior to sequencing in the Chip
Sequencer

drying subsequently after the reaction are much more efficient and need less
time. The chemical background is reduced, leading to a better signal-to-noise
ratio and precise sequence interpretation. Typically, blots of 2-3 mm diameter
are applied and fit perfectly into the reaction chamber (Fig. 18.1). The Chip
Sequencer can be used in the wet-phase, solid-phase or gas-phase mode. Clas-
sical PITC chemistry with HPLC detection or the new FM-PITC chemistry
presented here can be applied on the same machine.

18.3.2 Evaluation of 1,3-bis-(Trifluoromethyl)-Phenylisothiocyanate as a
New Coupling Reagent in Edman Chemistry

A new coupling reagent which can substitute PITC must have the following
properties: high coupling yields, high cleavage rates, a low detection limit and
it should fit into automated wet-phase sequencing without covalent attach-
ment of the protein.

We developed, designed and tested a number of isothiocyanate derivatives
with different detection capabilities including fluorescent dyes or isothio-
cyanates suitable for MS detection. We performed three tests with these deriv-
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atives to evaluate them for Edman chemistry. First, we performed the cou-
pling reaction with different free amino acids, converted them and identified
the derivatives by HPLC or MALDI-MS to judge the reaction. To compare the
reaction rate of the new isothiocyanate to PITC, we applied the same concen-
trations of the new isothiocyanate together with PITC to a solution of free
amino acids, performed the coupling reaction, converted the amino acids and
measured the amount of both released thiohydantoin derivatives. In the third
test, the first step was to apply the new isothiocyanate and then after a delay of
30 min, the next step was to add PITC, to measure if the reaction is complete
or if there is any remaining PTH amino acid. A number of isothiocyanates,
e.g. DANSA-PITC [11] or 311-PITC [12] already known in the literature,
showed high coupling efficiency with a comparable reaction velocity as PITC.
We found one derivative, namely 1,3-bis-(trifluoromethyl)-phenylisothio-
cyanate which passed these tesst and showed a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>