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Preface

Methods combined with separation techniques such as HPLC or
electrophoresis for detection, identification, and quantification of
proteins in complex biological matrices are essentially requisite to
understand biochemical events in living cells, tissues, and organs.
Especially, in searching for the difference in proteins, the specifically
expressed proteins in various circumstances, such as between
diseased and normal state, aging, exposed and unexposed by drugs,
and so forth, a reproducible quantitative method to distinguish
between minute changes in amounts of proteins is required. This
book focuses on describing the advantages and disadvantages of
each of such methods in terms of accuracy, sensitivity, and especially
reproducibility. Its other key feature is the description of the effective
application of these methods, which result in many discoveries
regarding the role of the proteins expressed in living cells.

In the last decade, more than a thousand papers were published
on the proteome analysis acquired by the application of these
methods in various areas of life sciences. For junior researchers,
the first major interest should be the selection of the method when
they start their proteome analysis in valuable biological specimens.
However, there are few textbooks or monographs showing the
evaluation of each method. That is why this book is published.

Kazuhiro Imai
Summer 2013
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Chapter 1

Fluorogenic Derivatization Followed
by HPLC Quantification and Final
Identification of Proteins by HPLC-
Tandem Mass Spectrometry
(FD-LC-MS/MS) Method

Akiyo Koshiyama, Tomoko Ichibangase, and Kazuhiro Imai
Research Institute of Pharmaceutical Sciences, Musashino University,
1-1-20 Shinmachi Nishitokyo-shi, Tokyo 202-8585, Japan
k-imai@musashino-u.ac.jp

1.1 Overview of the Method

Fluorometry is one of the extremely sensitive methods for detect-
ing small amounts of biomolecules: hormones, amines, amino acids,
peptides, proteins, carbohydrates, lipids, or nucleic acids. Thus, it
should be most suitable for the detection, quantification and iden-
tification of the expressed proteins in proteomics studies. However,
many of proteins do not fluoresce, so that fluorescent derivatization
with reagents is necessary for the sensitive detection of proteins.

Quantitative Proteome Analysis: Methods and Applications

Edited by Kazuhiro Imai and Sam F. Y. Li

Copyright © 2013 Pan Stanford Publishing Pte. Ltd.
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Fluorogenic Derivatization Followed by HPLC Quantification

In this case, fluorogenic reagents that generate fluorescence after
derivatization without fluorescence themselves are strongly recom-
mended because of low background fluorescence affording highly
sensitive detection of the derivatives. A few fluorogenic reagents
for amines can be taken for the above use: orthophthalaldehyde [1]
and fluorescamine [2]. As to the derivatization of cysteine residues
in proteins, thiol specific reagents are requisites. Ammonium-7-
fluoro-2,1,3-benzoxadiazole-4-sulfonate (SBD-F) [3] and 7-chloro-
N-[2-(dimethylamino)ethyl]-2,1,3-benzoxadiazole-4-sulfonamide
(DAABD-CI) [4] are most appropriate among the existing reagents
for the following reasons. First, their relatively small molecules en-
able them to react completely with cysteine residues in proteins un-
der a mild condition. Second, derivatized proteins are hydrophilic
and thus do not precipitate after the complete derivatization. Third,
their derivatives are highly fluorescent with longer emission wave-
length than natural fluorescence of biomolecule (less than 400 nm).

A chromatographic technique, high-performance liquid
chromatography (HPLC) is also a powerful tool for separation
of compounds in a complex matrix of bio-samples. However, it
has not been usually used for protein separation in bio-samples
except for the recently developed FD-LC-MS/MS method [3-6] for
proteomics analysis. It consists of fluorogenic derivatization (FD)
of proteins using fluorogenic reagent such as SBD-F or DAABD-C],
followed by HPLC separation, detection and quantification of the
derivatized proteins, isolation of the subject proteins, enzymatic
digestion of the isolated proteins, and identification of the proteins
utilizing HPLC and tandem MS with a database-searching algorithm.
The schematic diagram of the FD-LC-MS/MS method is shown in
Fig. 1.1. First, a proteins mixture is derivatized with a fluorogenic
reagent and analyzed by HPLC-fluorescence detection. Next, a
derivatized subject protein can be isolated without losing any amino
acid sequence information including protein isoforms and post-
translational modification, and then digested by trypsin. Finally, the
obtained peptides mixture is subjected to HPLC, which is connected
to electrospray ionization (ESI)-MS/MS, to identify the isolated
protein using the probability-based protein identification algorithm.
The derivatized proteins are detected and quantified at the femtomol
level [3, 4]. The quantification is performed by calculating the peak
intensity of the derivatized protein that corresponds to the amount
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of the derivatized protein existed. The accuracy of the method was
acquired based on the reproducibility of the peak heights using the
three representatives of the high, medium, and low peaks obtained
from each individual mouse liver sample [7]: The relative standard
deviation (RSD,%) for each between-day peak was less than 16 (a
relatively high peak), 17 (medium peak), and 23% (a relatively low
peak) (n = 3). The reproducibility of the retention time was also
calculated using the relatively low peak, resulting in the between day
RSD of 0.41% (n = 3).

A remarkable feature of the method is the use of the fluorescence
for the sensitive detection [3, 4] and of HPLC for the reproducible
quantitation of the derivatized proteins [7] as mentioned above. It
also requires only simple apparatus, consisting of a pump, a column,
and a fluorescence detector. Currently, a comprehensive profiling
analysis in HPLC-fluorescence detection needs a 10 h operation.
However, in case the elution time of a subject protein is determined,
itwould be possible to reduce the time required for an arbitrary anal-
ysis on the subject protein by re-optimizing the separation condi-
tions. It would also be possible to reduce the overall analysis time by
adopting a higher-performance column, such as a recently available
non-porous reversed phase column. Moreover, any pre-treatments
of the sample are not required in the procedure of the method since
only fluorogenic derivatized proteins are detected without detection
of non-fluorescent compounds on LC-chromatogram. In contrast,
other proteomics analytical methods, such as two-dimensional poly-
acrylamide gel electrophoresis (2D-PAGE) and liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS: for example, ICAT and
iTRAQ), require certain pre-treatments steps (precipitation, labeling,
clean-up with column and enzymatic protein digestion: reviewed in
[8]). In 2D-PAGE methods, pre-treatment procedure (precipitation
etc.) for the sample is essential to obtain clear 2D electrophero-
grams, because the composition of the sample is greatly influential
to the resolution of every protein in electrophoresis. In case of ICAT
and iTRAQ, each sample pre-treatment procedure is required since
it influences the numbers of peptides observed by LC-MS analysis.
However, such pre-treatment procedures would lower the sensitiv-
ity and reproducibility of the method owing to the loss of proteins
existed in the sample during pre-treatment steps.
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For a comparative analysis of the amount or species of proteins
among two or more samples, namely a differential proteomics
analysis, the FD-LC-MS/MS method is also useful. Actually, as shown
in Fig. 1.1, a peak height on a LC-chromatogram of a subject sample
can be compared with the corresponding peak height on that of the
control sample in differential proteomics analyses (normal versus
diseased cell, diseased versus treated cells etc.). Each fluctuating
protein peak among samples is isolated and then identified by LC-
MS/MS. The correspondence of the protein peak is judged from
not only the specific retention time of the derivatives but also
confirmation of the protein following isolation and identification
of the proteins. As described in the text, the FD-LC-MS/MS method
has been applicable to the extracts of mice liver [7], breast cancer
cell lines [9], mice brain [10], Thoroughbred horse muscle [11],
mice plasma [12], and Caenorhabditis elegans [13]. Further use of
the method would reveal the role of certain proteins in the special
biochemical events occurring in living animals.

1.2 Apparatus and Method

1.2.1 Apparatus

As described in Section 1.1, the FD-LC-MS/MS method does not
require particular reagents, machines, or systems. In fluorogenic
derivatization, all the necessary reagents including DAABD-CI are
available on the market. A HPLC system consists of a Hitachi L-7000
or L-2000 series and a fluorescence detector (Jasco FP-2025 plus or
Hitachi L-2480). A protein column (Intrada WP-RP, 250 x 4.6 mm
i.d,, Imtakt Co.) is used for separation of the derivatized proteins. For
identification of the derivatized protein that is isolated and tryptic
digested, a nano-LC-ESI-tandem MS spectrometer (HCT plus, Bruker
Daltonics) is used with the probability-based protein identification
algorithm (MASCOT version 2.1.03, Matrix Science).

1.2.2 Method

Preparation of Samples and Determination of Total Proteins: Proteins
are extracted as follows: Tissues are homogenized in 5 times volume
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of 10 mM CHAPS aq. with a Teflon pestle on ice. In case of the cell
lysate, the lysate is dissolved in 10 mM CHAPS aq. and extracted with
20 times repeated pipeting on ice. The homogenate is centrifuged
20,400 g for 15 min at 4°C. The supernatant is then collected and
stored as a soluble fraction at -20°C until use.

Fluorogenic Derivatization and HPLC conditions: Protein samples
obtained from mice liver, breast cancer cells or Thoroughbred horse
muscle are diluted with 10 mM CHAPS agq. to 4.0 mg/mL, while sam-
ples from mice brain were 20 mg/mL. Ten microliter of the sample
were mixed with 60 pL of a mixture of 0.83 mM Tris (2-carboxye-
thyl) phosphine hydrochloride (TCEP), 3.3 mM ethylenediamine-
N,N,N’,N-tetraacetic acid sodium salt (Na,EDTA), 16.6 mM CHAPS
in the pH 8.7 buffer solution (6.0 M guanidine hydrochloride, Tokyo
Chemical Industry), 25 uL of the buffer solution and 5.0 pL of 140
mM DAABD-CI in acetonitrile. After the reaction mixture is placed
on a 40°C water bath for 10 min, 3.0 uL of 20% trifluoroacetic acid
(TFA) is added to stop the derivatization reaction. Twenty microlit-
ers of the reaction mixture (8.0 pg for mice liver, breast-cancer cells
and horse muscle or 40 ug for mice brain) was injected into the HPLC
system at a flow rate of 0.55 mL/min. As described above, the system
consisted of a pump, a fluorescence detector and a protein column.
Fluorescence detection was carried out at 395 and 505 nm of excita-
tion and emission wavelengths, respectively. To further improve the
column separation, column oven is set at 60°C. The mobile phase
consists of acetonitrile, TFA and water with or without isopropanol.
Protein mixtures are separated in 10 h. The mobile phase composi-
tion and gradient condition need to be optimized for each sample.

Identification of the derivatized proteins: Each eluate of the
subject proteins is concentrated in vacuo and followed by the tryptic
digestion. Twenty uL of peptide mixture is subjected to a nano-LC-
ESI-tandem MS spectrometer (HCT plus, Bruker Daltonics) with
an Ultimate/Famous/Switchos suite of instruments (LC Packings,
Dionex). The MS/MS data is extracted as mgf files using Data
Analysis 3.2 software (Bruker Daltonics). Peptides are identified by
searching the mgf files against the National Center for Biotechnology
Information (NCBI)-CI, which picks the proteins including cysteine
residues from the NCBI database using the MASCOT version 2.1.03
search engine.
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1.3 Applications of the Method

Among the applications of the FD-LC-MS/MS method to the
extracts of mice liver [7], breast cancer cell lines [9], mice brain
[10], Thoroughbred horse muscle [11], mice plasma [12] and
Caenorhabditis elegans [13], this review describes the results of the
differential analyses concerning disease-related proteins in livers of
hepatitis-infected mouse model [7], breast cancer-related proteins
in breast cancer cells and normal epithelial cell [9], age-related
proteins in small regions of mouse brain [10] and skeletal muscle
proteins in fast Thoroughbred horses [11].

1.3.1 Differential Analysis of Disease-Related Proteins
in Livers of Hepatitis-Infected Mouse Model

Hepatitis C virus (HCV) is the main cause of chronic hepatitis,
which ultimately results in the progression of hepatocellular
carcinoma (HCC) [7]. Moriya et al. have suggested that the HCV
core protein plays a critical role in the progression of HCC and that
the transgenic mice provide a good animal model for determining
the molecular and pathological events in hepatocarcinogenesis
with HCV infection [14-17]. Differential profiling analysis of
proteins was performed using liver tissue from HCV core gene
transgenic (Tg) and non-transgenic (NTg) mice by the FD-LC-MS/
MS method. Tg/NTg ratios were calculated on the heights of the
peaks corresponding to specific retention. Many proteins were up-
or down-regulated during the progression of HCV-associated liver
disease. Fifteen proteins were significantly altered in their levels of
protein contents. The remarkable decrease in major urinary protein
(MUP) and eukaryotic translation elongation factor 1 o 1 (EF-1a1)
represents an early event in the progression of HCV-associated
liver disease (at 6 months; early stages). MUP has been known as
a negative tumor marker [18]. Suppression of EF-1a1 expression
prevents the induction of apoptosis, with the regulation reflected in
an antiapoptotic mode [19]. At 12 months of age (medium stages),
proteins related to respiration, the electron transfer system, and
defense against reactive oxygen species (ROS) were significantly
up-regulated. Finally, at 16 months (late stages), proteins related to
defense, oxidation and apoptosis significantly decreased. Cystatin B
[20] and carbamoyl-phosphate synthetase 1 (CPS1) [21] are known
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to be down-regulated in tumor and/or carcinoma and exhibited
a significant decrease with the present method. As a whole, the
investigation of the differential expression of proteins in Tg and NTg
mice revealed that many proteins related to biological functions such
as respiration, protein synthesis, defense, oxidation and apoptosis
fluctuate during the progression of chronic hepatitis C. Accordingly,
a next step of proteomics investigation should be performed for
a mitochondrial fraction, that is related to respiration, electron
transport system, glycolytic system and apoptosis, and a study is
now under investigation in our laboratory.

Anyway, these fluctuations may reflect a gross effect derived from
the loss of liver function in the various stages of chronic hepatitis in
HCV infection.

1.3.2 Differential Analysis of Breast Cancer-Related
Proteins in Comparison among Breast Cancer Cells
and a Normal Epithelial Cell

Breast cancer is a principal cause of death among women, mainly
in old age. A few molecular markers for diagnosis and therapy
have been found by mRNA profiling analysis [22, 23] and several
proteomics studies [24, 25]. These include the milk mucins secreted
by the tumor, the expressed estrogen receptor (ER), the human
epidermal growth factor receptor type 2 (HER2) and a mucin-like
carcinoma antigen CA15-3 [24]. The expressions of ER and HER2 are
indicators, respectively, of treatment with the anti-estrogen drug,
tamoxifen [25] and the monoclonal antibody, herceptin. However,
not all breast-cancer cells expressed ER and a significant increase
in the expression of HER2 was seen in only 25-30% of patients [26],
thus limiting their use in therapy. In addition to that, CA15-3 was
proposed as a marker for distant metastasis but was abandoned due
to its poor reliability. Considering such background, other molecular
markers for diagnosis and therapy of breast cancer are required.
Differential proteomics analysis between breast cancer cells and a
normal epithelial cell was performed using FD-LC-MS/MS method
(Fig. 1.2) [9]. Seven breast cancer cell lines including metastatic
cancer cell MDA-MB-231 were taken for investigation with a normal
human mammary epithelial cell (HMEC) as a normal cell. To identify
the differently expressed proteins, 13 proteins both universally
expressed in the seven cancer cells and differently expressed from a
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normal cell were selected. This analysis demonstrated an exclusive
expression of Ran binding protein-1 (RanBP-1) and peroxiredoxin-1
(Fig. 1.2) in cancer cells, with several up-regulated proteins, cofilin-1,
Raf-1 kinase inhibitor protein (RKIP), profilin-1, Ras-related nuclear
protein (Ran), thioredoxin-1, and Ras homology GDP dissociation
inhibitor (RhoGDI). Also demonstrated were down-regulated
proteins, stratifin, galectin-1, annexin-2, and elongation factor Tu
(EF-Tu). Tropomyosin-1 was specifically expressed in a normal cell.
In addition, among the seven cancer cells, differently expressed
proteins were investigated in correlation with invasive and metastatic
cancer cell MDA-MB-231 and with ER and HER2 receptors. Up-
regulated RKIP in cancer cells would involve ER-positive, while
down-regulated annexin-2, galectin-1 and EF-Tu would involve
HER2-positive. The presence of cooperatively expressed annexin-2
and galectin-1 in a breast cancer cell without tropomyosin-1 was
suggestive of the metastatic property. In conclusion, differential
analysis of proteins using FD-LC-MS/MS method could propose a
novel pathway correlated to invasive and metastatic breast cancer.

peroxiredoxin-1

Fluorescence intensity

breast cancer cell
(HCC1428)

normal epithelial cell
(HMEC)

0 50 100 150 200 250 300 350 400 450 500 550 600
Retention time (min)

Figure 1.2 The chromatograms obtained from a breast cancer cell
(HCC1428: red) and a normal epithelial cell (HMEC: black).
The arrow shows a specific protein (peroxiredoxin-1) in the
breast cancer cell.
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1.3.3 Differential Analysis of Age-Related Proteins in
Small Regions of Mouse Brain

In recent years, several laboratories attempted to identify the age-
related proteins in mouse brain using the 2-DE method with whole
brain as samples [27-31]. However, the brain functions differ among
the regions and identification of age-related proteins in each region
of brain is most important. The sensitivity acquired using the 2-DE
method was insufficient to reveal the age-related proteins in each
region. As a matter of fact, only three proteins were identified out
of the 17 age-related proteins in mouse brain region detected by
Tsugita et al. [32]. Thus, we investigated whether FD-LC-MS/MS
method is applicable for identification of age-related proteins in
small region of mouse brain [10]. Considering this background,
differential proteomics analysis of aging in cerebral cortex (Ctx),
hippocampus (Hippo) and brainstem (BS) of mouse brain was
performed. We employed mice aged 4 weeks (childhood), 12 weeks
(early adulthood) and 20 weeks (late adulthood). To reveal age-
related altered proteins in brain regions (Ctx, Hippo and BS), the
peak heights were compared with each other in the developmental
stages (4, 12 and 20 weeks). As a result, 28 proteins were obtained
as age-related altered proteins and were identified. Fifteen proteins
were found to be altered significantly in Ctx and related to ribosome,
cytoskeleton, synapses, glycolysis and antioxidant. In Hippo, 10
altered proteins were classified as ribosomal protein, cytoskeletal
protein, synaptic protein, myelin protein and other proteins. In
BS, three proteins were found in this analysis and classified as
cytoskeleton protein, another class of proteins and enzyme. Seven
altered proteins have been reported for the first time in the present
worKk; coffilin-1 (Ctx), TI-225 (Ctx), peptidylprolyl isomerase A (Ctx),
unnamed protein product (Ctx and Hippo), Syn2 protein (Hippo),
and cysteine rich protein (crip2) (Hippo). Considering the obtained
proteins, the time-series alteration of the most altered proteins in
Ctx and Hippo was consistent with that of each ribosomal protein,
while the expression of Syn2 protein (Hippo) increased with age.
And there were fewer altered proteins in BS than in other regions,
suggesting that the number of neuron functional units in the brain is
rarely altered with aging BS. Consequently, the use of the FD-LC-MS/
MS method enables the differential proteomics analysis of aging in
segmented brain tissue sample and identification of 28 age-related
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altered proteins in mouse brain regions, seven of which have been
reported for the first time in this work.

1.3.4 Differential Analysis of Skeletal Muscle Proteins in
Fast Thoroughbred Horses

Since horses have extensive interactions with humans in both a wide
variety of sports (e.g., horse racing) and in working for transport. In
particular, the Thoroughbred horse is aremarkable animal, with both
speed and endurance during running. To train a faster-running horse,
the breeding and the training of Thoroughbred horses have been
examined for more than 300 years [33-39]. To extend the applicability
of the FD-LC-MS/MS method, we applied it to Thoroughbred horse
muscle [11]. Thoroughbred horse muscle samples were analyzed
and compared between trained and detrained horses. To quantify
the changed protein expressions during exercise, the protein
expressions obtained from the tissue after training was compared
with that from the same sample after detraining. As a result, a great
number of proteins were obtained as the training-to detraining ratio
(+/-) of the changed proteins. Considering the differences observed
above, we speculated that there might be relationship between the
changes in protein expressions during exercise in each horse and
physical ability of each horse, such as the running speed. The oxygen
uptake (VO,) values are related to endurance and are often used
as an indicator of fast running [34, 35]. Using the VO,max values
as indicators of running speed, the correlations between VO,max
(post-training) and +/- ratio were calculated. Consequently, 16
protein peaks involved in energy production, such as aerobic and
anaerobic energy supply, exhibited a good correlation coefficient.
Identified proteins have contained muscle creatine kinase (M-CK)
and glycolytic enzymes. The +/- ratios of both M-CK and glycolytic
enzymes significantly correlated with the VO,max values. M-CK and
glycolytic enzymes are related to anaerobic energy supply, while
the VO,max value indicates aerobic capacity in theory. However,
the product of anaerobic glycolysis, pyruvate, is transported into
mitochondria, and then the metabolized product enters the aerobic
TCA cycle; thus, an increase of the anaerobic glycolitic pathway
might result in an increase of the aerobic TCA cycle, which produces
ATP efficiently. Considering this cooperative between the enzymes
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of the anaerobic pathway, including M-CK and glycolysis, and the
proteins involved in the aerobic pathway, it was speculated that
these anaerobic pathways effectively activated the aerobic pathway
in faster running horse. In conclusion, horse muscle tissues could be
applicable for the analysis of the protein expression using the FD-
LC-MS/MS method. Moreover, the changes in protein expressions
during exercise were related to running speed of horses, suggesting
that the anaerobic pathway effectively activated the aerobic pathway
in faster-running horses.

1.4 Conclusion

The FD-LC-MS/MS method that we have developed has two unique
features in using a fluorogenic reagent DAABD-CI to derivatize
proteins and HPLC to separate the derivatized proteins. The reagent
gives low background fluorescence affording the sensitive detection
of derivatized proteins, while HPLC contributes the reproducible
quantitation of proteins. Actually, its application data has proved the
method to be highly sensitive and reproducible for the peak heights
and retention times, indicating that the method is accurate.

In each application (mice liver, breast cancer cell lines, mice
brain and Thoroughbred horse muscle), a differential proteomics
analysis has been performed. According to hepatitis-infected mouse
liver analysis, the present method suggested to be worthwhile for
clinical proteomics analysis. In breast cancer cell analysis, the
protein expression levels in eight different cell lines were compared
simultaneously, which has given results that suggested a novel
pathway correlated to invasive and metastatic breast cancer. The
analysis of segmented mouse brain demonstrated that the method
is applicable for a small organ and the age-related proteins in mouse
brain regions were elucidated. In Thoroughbred horse skeletal
muscle analysis, the enzymes involved in the aerobic pathway have
been obtained as altered proteins during exercises, suggesting that
the anaerobic pathway effectively activated the aerobic pathway in
faster-running horses.

In the future, it should be extended to differential proteomics
analyses of many biological samples revealing the roles of certain
proteins in the special biochemical events within living animals.
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Chapter 2

Two-Dimensional Difference Gel
Electrophoresis
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Finding differentially expressed proteins is an important component
in many areas of biological research. A common approach is to
separate the proteins by chromatography or electrophoresis followed
by identification using mass spectrometry. Two-dimensional
electrophoresis is commonly employed as the electrophoretic
method and enables very-high-resolution separations. In the mid
1990s, the term proteomics was coined to describe this research
area, establishing an additional expression-based dimension to
genomics.

2.1 Introduction

Since its inception in 1975, 2D electrophoresis has been one of
the most commonly used techniques for differential expression
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proteomics. This technique, while often very successful, comes with
certain inherent caveats. It tends to require a significant amount of
hands on time, and, for quantitation purposes, technical replicates
are usually required in addition to biological replicates because
of variations introduced by the technique itself. Because of that,
many researchers today forgo 2D electrophoresis and turn to liquid
chromatography-mass spectrometry (LC-MS) instead. However,
LC-MS and 2D electrophoresis have very different advantages, and
despite many efforts, there is still a significant amount of information
to be gained by 2D electrophoresis that cannot be obtained as easily
by LC-MS. One of these advantages is the ease of visualization of
proteins with the same molecular weight but different isoelectric
points (pls), allowing for the simple location of proteins with post-
translational modifications (PTMs). Also, when carried out correctly,
the quantitative comparison of many biological replicates is greatly
simplified.

2.2 Two-Dimensional Difference Gel
Electrophoresis

Many improvements have been made to the traditional 2D gel
technique to enhance the automation and throughput. One of
the greatest advances was the introduction, in the early 1990s, of
commercially available immobilized pH gradients on strips instead
of the classical carrier ampholyte based tube gels. This approach
provided both enhanced reproducibility and ease of handling
over the tube gels of the past. Other product advances include the
ability to multiple strips and gels in parallel, pre- made buffers,
and better software, all of which have helped significantly reduce
the hands-on time. Reproducibility, however, remained an issue.
The introduction of fluorescent dyes, that can be used to label the
lysine or cysteine residues of proteins prior to electrophoresis and
allows for multiplexed 2D helps overcome this issue. The charge-
and molecular weight-matched fluorescent dyes allow for the
same protein from different samples (labeled with different dyes)
to co-migrate to the same position in the gel. This technology is
called two-dimensional difference gel electrophoresis (2D DIGE).
2D DIGE introduced the ability to remove non-biological variation
from the system, by including an internal standard that allows for
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global normalization® and is at the core of this technology.? The
internal standard is a pooled mixture of all the samples in a given
experiment, and an aliquot of this same mixture is applied to each
gel in the experiment.? This internal standard is commonly labeled
with the Cy2 dye. Since one of the samples is now in effect the same
on all gels, it can be used to normalize out experimental variation
between gels. The internal standard also allows for higher quality
automated matching, since in effect, every gel contains the same
sample mixture in the Cy2 channel.

Additional advantages of 2D DIGE are a significant reduction
of the number of gels that need to be run and increased limits of
detection and dynamic range due to the fluorescent Cy dyes used.

2.2.1 Minimal Dyes

In the minimal labeling approach, three charge- and molecular
weight-matched dyes are available, which excite at 488 nm (Cy™2),
532 nm (Cy3), and 635 nm (Cy5) respectively. The term minimal
refers to the strategy to use stoichiometry to ensure no protein is
ever labeled more than once. In fact, only 1-3% of lysine residues
(on any given protein species) are labeled. Due to the separation in
excitation and emission spectra, it is possible to visualize all three
dyes without cross talk using an appropriate imaging system. In this
approach, every gel contains two real samples (Cy3 and Cy5), for
example, a treated and a control sample, and the internal standard
in the third channel, usually Cy2.

2.2.2 Saturation Dyes

An alternative approach to using the minimal labeling concept is
to use specially designed saturation dyes that are matched for both
charge and molecular weight. These dyes conjugate to reduced
cysteine residues on the proteins and the strategy employed is
usually to optimize the reduction of these amino acids to allow
maximal binding to all available cysteine groups. This results in an
enhanced limit of detection allowing for a reduced amount of sample
being necessary for labeling (10 pg rather than the 50 pg used for
minimal labeling). Many applications make use of this approach;
one of the main applications is where sample is limited, such as with
laser capture microdissection.*®
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2.3 Quantitative Aspects of 2D DIGE

In the early years of 2D electrophoresis, statistics were unfortunately
not usually a consideration. This has led to unreliable and poorly
reproducible results. Much effort has been applied by the proteomics
community to investigate the need for statistics, and trying to
establish guidelines, one such organization is the Association of
Biomolecular Resource Facilities (ABRF).

All quantitative measurements are usually based on relative
quantitation. Relative quantitation is based on the assumption that
every sample contains the same amount of total protein. Most 2D
software analysis packages will include a tool that allows the cross
normalization of loading differences. In the case of DeCyder™, this
is accomplished in a module called DIA (Difference-In Gel Analysis),
which takes advantage of a normal distribution to normalize loading
differences. For special cases, mentioned under applications in a
later section, this normalization procedure can also be accomplished
by spiking in known amounts of specific proteins.

The most basic requirement for statistical calculations is the use
of replicates, which is now thankfully becoming more common for 2D
users. Originally, both technical replicates (to handle experimental
variation) and biological replicates (to handle inherent biological
variation) were needed. While 2D DIGE removes the need for
technical replicates, biological replicates are still needed to remove
biological variation. When replicates are used, the p-value cut offs
selected often ignore the problem of multiple comparisons. In a
typical gel, about 1000 real proteins can be detected. If we are using
a t-test, we are in fact applying 1000 univariate tests. In the past,
a significance level of p = 0.05 was often mistakenly used. Without
adjustments, that means that the probability of type I errors (false
positives) is 5% of 1000, or 50 false positives. In order to control the
overall p-value, an adjustment to the p-value is required® to reflect
the same probability applied to 1000 spots.

Type I errors are not the only consideration; type Il errors (false
negatives) have to be controlled as well. Depending on the desired
minimum abundance differences to be detected, false negatives have
to be controlled by replicates.”

The number of replicates, especially for clinical samples, quickly
becomes overwhelming, and pooling strategies can be applied
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that allow a reduction in the number of gels, while still being able
to exclude some outliers.2 An excellent overall review of 2D DIGE
with respect to quantitation was written by Lilley and Friedman.’
Another aspect of 2D DIGE is the potential of labeling bias, which
can be avoided in one of two ways, either by performing a dye flip/
reverse labeling, or by using a two-dye approach, the latter having
the additional advantage of resulting in a decrease in data scatter
(reduction of coefficient of variance).1?

The use of advanced statistics, particularly the use of multivariate
statistics, has been commonly employed for microarray studies,
and recently has also been used in the proteomics community.
Researchers use statistical tools integrated into analysis software
such as DeCyder EDA™ as well as external biostatistical tools to apply
to proteomics data.'> This approach allows for easier analysis of
more than two sample types, unknown groupings can be discovered,
outliers eliminated, and data visualized.

Generally, for good quantitation, appropriate software is critical.
Requirements are stable and reliable detection and matching
algorithms, the capability to co-detect, and the ability to take
advantage of the internal standard for normalization. Software
packages that are able to carry out statistical calculations for the
user will enhance robustness of results.

2.4 Application Examples

Differential proteomics utilizing 2D DIGE in particular are used in a
large variety of applications. Much research is performed with regard
to finding biomarkers for cancers, prion disease, schizophrenia,13
heart disease,!* and Alzheimer’s disease,'® to name a few. The sample
type used extends from cell lines to tissues and serum derived from
any number of model animals to clinical samples. Biomarkers can
be used for diagnostic purposes to elucidate pathways of disease
progression and to identify potential drug targets. In preclinical
studies, the impact on the proteome by the addition of drugs to
cell lines and animals, can also be monitored with 2D DIGE. The
particular usefulness of 2D DIGE over other differential proteomics
techniques is its capability to find abundance differences down to
20%. Also, with the inherent biological variation (especially with
clinical samples), the comparison of many replicates is a necessity.
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Otherresearchareasinclude stem cell research, agricultural research,
and quality control in the production of biopharmaceuticals. The
following section will discuss some of these topics in more detail.

2.4.1 Cancer-Related Research

One of the most common areas of expression-based proteomics is
located in cancer research. One in every three people is estimated to
be diagnosed with some kind of cancer in their lifetime. Proteomics
can help to build a foundation to better understand cancer, and use
these findings to develop and improve diagnosis and treatment.
There are three main areas: finding biomarkers, identifying
potential drug targets, and evaluating the impact of drugs on the
proteome. Finding biomarkers is especially crucial to both determine
subclasses of cancer to allow for personalized treatment and for
early recognition.

Cancer biomarkers and disease progression investigated with
the aid of 2D DIGE exceeds well over 100 publications based on
highwire:  http://highwire.standard.edu. ~Cancers researched
include lung cancer,’® colorectal cancer,!” breast cancer,’® and
prostate cancer, to name some of the most deadly ones. Prostate
cancer is a typical example to illustrate the need and usefulness
of differential proteomics. Prostate cancer is the leading cause of
cancer-related deaths in America. Gleason grading is currently
the primary method for prediction, with only a few protein-based
biomarkers available, prostate specific antigen (PSA) being the most
common. Unfortunately, PSA results lead to both false negatives (one
in three prostate cancer cases do not result in higher PSA levels) and
false positives leading to unnecessary invasive procedures.!® More
biomarkers relating to cancer progression, early detection, and
differentiating of subclasses are desirable. While no biomarkers or
panel of biomarkers for reliable early detection of prostate cancer
are currently available, the use of 2D DIGE, particularly with the
use of appropriate statistics, has resulted in good progress. Fun
et al. applies 2D DIGE data in conjunction with nuclear magnetic
resonance (NMR) to look at the metabolic profile in serum of
prostate cancer patients with Gleason scores 5-7.20 Other research
establishes common pathways of disease progression by combining
2D DIGE data with systems biology,?! implicating proteins involved
in calcium regulation,?? and confirmation of early stage biomarkers
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established by orthogonal methods.?3 Cancer research is the single
most common research topic for 2D DIGE.

2.4.2 Other Diseases

Cancer is not the only disease that requires molecular biomarkers,
as symptoms can be non-specific (Alzheimer’s disease), or can only
be established at the death of a patient (Creutzfeldt-Jakob disease
[CID]).%* For other diseases, differential proteomic studies during
their progression can help elucidate a new view of causes and hence
treatment (addiction,?® schizophrenia.?®) As with cancer, these
studies require many clinical samples to be compared to one another,
and 2D DIGE is currently the most quantitative way to do this.

2.4.3 Agricultural Research

Proteomics in agricultural research is also gaining great importance.
An area of great concern has been mad cow disease, a prion disease.
Currently, this disease can only be diagnosed after butchering, which
allows for possible contamination of adjacent meat. Ideally, it should
be possible to test easily accessible fluid such as urine for diagnostic
markers ahead of time, and such studies are currently being
investigated.?” Another topic of increasing importance is genetically
modified foods. Food safety and the unintended side effects of
genetic modifications of both crops?® and livestock?® can be partially
elucidated by identifying the change in protein abundance combined
with systems biology.

Another greatarea of interest for differential proteomics research
is the investigation of crop plants, especially related to stress-induced
response.3?

2.4.4 DIGE and RNA

For the past 10 years, efforts to correlate mRNA and protein expres-
sion have been abundant. Depending on the proteome investigated,
transcription and translation correlates at best at about 40%. Some
reasons for this are experimental difficulties, especially regarding
the accurate quantitation of protein levels and experimental chal-
lenges of protein identification. Biological causes play a larger role.
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One of the main biological reasons is that translation is not only de-
pendent on mRNA concentration but also on rate of translation.3!

Other discrepancies are based on secondary expression events.
A notable study by Muniyappa et al. illustrates the use of 2D DIGE.3?
They found an overexpression of miRNA-29a to have protective
effects. Comparing the predicted changes in the proteome, only
correlated 20% of the time; however, this could be due to biological
reasons such as most proteins identified are secondary targets,
or reduced importance of the canonical region. Regardless, this
approach, where a vector is added to increase one particular RNA
sequence, allows researchers to better understand the cause and
effect of transcription and translation.

2.4.5 Drug Studies

The impact of drugs on the proteome can be monitored with the aid
of differential proteomics. The levels of protein expression can be
monitored for their beneficial or deleterious effects.

An example comparing the proteome of patients responding to
a certain drug with those who are resistant is shown in a clinical
study.33 Other studies are often performed in cell lines or animal
models, and thus the number of replicates required is less than that
for clinical studies, but many different sample types often need to
be compared.3* Often, both dosage and time course are studied in
parallel. Both in vivo and in vitro studies offer important answers
regarding drug resistance, side effects, and insight into the biological
pathways affected by certain drugs.

2.4.6 Stem Cell Research

Proteomic studies are useful in many areas of stem cell research.
Typical areas of stem cell research relate to cardiovascular and
neurological repair, treatment of arthritis, spinal cord injuries, and
Alzheimer’s disease. Some of the challenges in the use of stem cells
are their origin (embryonic stem cells, adult stem cells, etc.) and the
ability to verify successful differentiation without undifferentiated
cell impurities. Some markers, often membrane proteins, have been
established to date.35 Differential proteomics, both 2D DIGE and
LCMS can be used to find panels of markers to determine stem cell
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differentiation. To investigate the possibility of using stem cell lines
that are not embryonic, it needs to be verified that the proteome of
cells differentiated from different types of stem cells or stem cell
lines are in fact the same.3® 2D DIGE can also be used to find markers
in cancer cells that lead to the differentiation of cancer stem cells,
or identify the molecular mechanism that leads to proliferation and
differentiation of cancer stem cells.3” In addition, proteomic studies
also offer a way to address questions regarding stem cell response to
disease/injury. There are many other uses of proteomics in stem cell
research and is an expanding field.

2.4.7 Biopharmaceutical: Quality Control and Process
Development

The examples discussed so far have been relatively common in
studying differential expression. However, 2D DIGE also has a use in
the biopharmaceutical industry.

Thepastdecadehasseenadramaticincreaseinbiopharmaceutical
research with an average of 15 biopharmaceuticals approved by
the FDA annually. These drugs range from monoclonal antibodies
and vaccines to interleukins and interferons and have been
used successfully to treat numerous diseases, including cancer,
autoimmune disease, inflammation, asthma, colitis, and others
(http://www.biopharma.com/approvals_2010.html). Two recent
examples are infliximab for arthritis and trastuzumab for breast
cancer.

The development of biopharmaceuticals undergoes multiple
stages. First drug targets are identified and best “binders” are
optimized.Inthenextstage, the preliminary druggoesthrough clinical
trials and formulation studies. The last stage is the development and
scale-up of production methods. Biopharmaceutical manufacturing
requires the selection of an appropriate host species, such as Chinese
Hamster Ovary (CHO) cells or a bacterial host, such as Escherichia
coli, a decision usually dictated by the best yield of the biomolecule
of interest. The final stage requires the optimization of growth,
harvest, and purification conditions.

The purification of biopharmaceuticals, whether from CHO
cells or bacteria, presents a particular challenge. For most research
science purposes, purity requirements are rarely greater than 95%.
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For biopharmaceuticals, the regulatory requirements are strict,
with generally less than 1% impurities allowed by the regulatory
authorities, like the FDA. Actual levels depend on the particular host
cell, the drugitself, as well as its dosage and application. For example,
drugs administered over along period of time or at high dosages have
extremely high purity requirements. Certain animal derived media
additives for cell growth pose a potential additional risk. Consistent
purity guidelines are elusive, since limited adverse effects of residual
host cell protein or animal additives have been reported. However, a
cautionary attitude prevails due to wise concerns of possible allergic
reactions and other toxic effects.3®

At this time, neither has a general strategy specific to the removal
of host cell protein (HCP) and media additives been developed nor
are general methods for purity checking approved.

Purity is usually checked with an enzyme-linked immunosorbent
assay (ELISA), specifically developed for every process, and every
drug. However, ELISA will only detect overall residual HCP, and the
same signal could represent a large range of HCP proteins. Hence,
orthogonal methods, such as sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS PAGE) and 2D electrophoresis are often used
for better resolution. While SDS PAGE is still used more commonly, it
has shortcomings, in missing the resolution afforded by PI and often
the use of less sensitive post stains (e.g., Coomassie). As impurities
(as discussed above) are of great concern, other techniques are being
considered more and more.

Among such techniques are 2D in general and 2D DIGE in
particular. In a proof-of-principle experiment, monoclonal antibodies
(MADb) were expressed in CHO cells in different cell culture media
followed by affinity purification. Harvest, flow-through, and eluate
were tested for residual HCP with ELISA and 2D DIGE. The results
showed that while overall HCP levels were determined to increase
with ELISA and most spots were shown to increase with 2D DIGE
based on the different growing conditions, individual proteins could
also be shown to decrease with 2D DIGE, a trend that would have
been lost with ELISA alone.3?

In addition to optimizing media and rationally designing
purification, the 2D DIGE approach can be used to determine optimal
cell lines, viability, temperature and aggregation in downstream
process development.*?
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2.5 Special Applications

2.5.1 Pre-Fractionation

A common issue in proteomics is resolving power. While 2D
electrophoresis is superior to other methods in this respect,
proteins can still co-migrate in the gel. Different methods of pre-
fractionation have been employed in the past to help rectify
this problem. Examples of pre-fractionation techniques include
various chromatography techniques (ion exchange, reverse phase,
hydrophobic interaction chromatography, HIC), preparative
isoelectric focusing (IEF), depletion of particular abundant proteins
such as albumin, enrichment of glycosylated or phosphorylated
proteins,*! and the fractionation of cellular organelles.*? While this
challenge is common to all 2D electrophoresis techniques, 2D DIGE
provides a particularly straightforward way to verify reproducibility
as illustrated in the next sections.

A caveat of every sample preparation step, especially pre-
fractionation, is the possible introduction of additional experimental
variation. Using 2D DIGE is a great way to validate that pre-
fractionation techniques do not add additional variation. As an
example, we have pre-fractionated an E. coli sample labeled with
Cy2, Cy3, and Cy5 dyes using anion exchange chromatography.*3
We carried out a same/same experiment with three replicate runs
and quantitatively analyzed the resulting three replicates of 24
chromatography fractions using 2D DIGE and the associated analysis
software. With this procedure, we examined nine pooled fractions
and compared them with an un-fractionated sample. The total
number of spots detected was 4197 from all fractions combined,
versus 820 spots from the un-fractionated sample. We were able
to show that the same protein, whether unlabeled or labeled
with different CyDye DIGE fluors, eluted from the anion exchange
column in the same fraction. In addition, we demonstrated that the
pre-fractionation using anion exchange chromatography is highly
reproducible under these conditions, and that this is thus a valid
method for pre-fractionation of complex protein.

2.5.2 DIGE and Sample Preparation

Another example of using 2D DIGE technology for determining
the best sample preparation method is by comparing different
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extraction buffers (Data file 28-9488-39 AA, GE Healthcare). The
2D DIGE multiplexing technique was used to estimate which sample
extraction buffers would result in the extraction of the most proteins
from various tissues.

2.5.3 Cell Surface Labeling with 2D-DIGE

Traditional cellular fractionation carries out actual physical
separation of different organelles. 2D DIGE is able to visualize
proteins labeled on the cell surface and compare it with those
proteins inside the cell.**

This technique takes advantage of the fact that for labeling to
occur the pH has to be higher than 8. So, when labeling intact cells,
if there is any chance that a label can enter the cell, they will not
label the proteins on the inside, since the biological pH is closer to
7. 1f another fraction of the same cells is first lysed, the pH adjusted,
and then labeled (with a different CyDye), and both fractions are run
on the same gel, intra cellular proteins and surface proteins can be
compared.*®

2.5.4 Membrane Proteins

One of the issues associated with 2D gels (particularly immobiline-
based 2D work) is the variability in success of recovery of the very
hydrophobic proteins. One of the ways to work around this problem
is to work with blue native gel electrophoresis coupled with SDS
PAGE-this allows for the ability to look at protein complexes and can
be further utilized by using the 2D DIGE technology.*®

Another option to blue native for the first dimension separation
prior to SDS PAGE is to use cationic detergent such as 16 BAC
(benzyldimethyl-n-hexadecylammoniumchloride) to help with
solubilizing the membrane proteins.*’

2.5.5 Study of Redox Potential

Another approach using the saturation dyes is to study redox
potentials. In the paper by Hurd et al.,* they studied reactive oxygen
species in the mitochondrial respiratory chain and monitored how
their levels affected the thiol redox state of mitochondrial proteins
using these saturation dyes.
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2.6 Conclusion

2D DIGE greatly expands on traditional 2D. Most importantly, the
pre-labeling technique allows for multiplexing. This enables much
improved quantitation leading to reproducible results. In addition,
this pre-labeling approach gives rise to new application areas not
available to traditional 2D.
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3.1 Introduction

Applications of mass spectrometry (MS) have expanded from the
identification of proteins for proteome profiling to the quantitative
comparison of proteome changes through various biological
and physiological processes. Stable isotope labeling for protein
quantitation is the most suitable method for use with MS. Various
chemical derivatization methods have been developed for the
incorporation of stable isotope tags onto peptides at their N- or
C-terminals or on specific amino acids residues, such as cysteine,
lysine, and tyrosine. One of these methods, the isotope-coded affinity
tag (ICAT) technique, was developed to support comprehensive
and quantitative protein expression profiling using reagents to
chemically label specific cysteine residues with an affinity tag [1].
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This approach can be used to quantify relative protein expression
levels based on the relative intensity of the heavy and light forms of
ICAT-labeled cysteines containing tryptic peptides as measured by
tandem MS. Cysteine-specific modification and affinity purification
achieves areduction in proteome complexity. The ICAT technique has
been widely applied to quantitative proteome analysis of a variety
of sample types, such as cultured cells, tissues, and body fluids.
Subsequently, a second generation of ICAT reagent was developed
that contains an acid-cleavable moiety for removing the affinity tag.
There are numerous articles and reviews [2-8] on the methodology
and applications of ICAT technology, summarized here.

3.2 ICAT Reagents

ICAT reagents were developed for quantitation of protein expression
levels through isotope labeling, and simultaneously achieve a
reduction in proteome sample complexity. Two types of ICAT
reagents have been developed, described below.

3.2.1 Original ICAT Reagent (First-Generation)

The original ICAT (first-generation) method was developed by
Aebersold et al. [1] and consists of a thiolate reactive group for
selective labeling of cysteinyl residues of proteins, an isotopic linker
that incorporated a stable isotope (hydrogen or deuterium), and
a biotin tag moiety for selective isolation of ICAT-labeled peptides
(Fig. 3.1a). There are two forms of isotopic linkers, containing either
eight 'H atoms (light form, no deuterium) or eight ?H (d8) atoms
(heavy form), with an 8 Da mass difference between them.

The ICAT approach involves labeling two protein mixtures with
the isotopically light and heavy ICAT reagents for comparison of
their relative quantities (Fig. 3.2). The ICAT reagents are covalently
bonded to the cysteine residues of the proteins. Proteins prepared
from a control sample are treated with the light ICAT reagent, while
proteins from the test sample are treated with the heavy reagent.
After labeling, the two reacted protein mixtures are combined,
digested with a protease such as trypsin, and the peptides are
fractionated by cation exchange chromatography to remove several
excess reagents such as residual tris(2-carboxyethyl)phosphine
hydrochloride (TCEP), a reducing reagent. The cysteine-containing
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ICAT-labeled peptides are separated from the other peptides using
avidin affinity chromatography. In this step, only the cysteine-
containing peptides are selected, effectively reducing the complexity
of the proteome. The purified ICAT-labeled peptides are analyzed by
high performance liquid chromatography-tandem MS (LC-MS/MS).
The eluted peptides are ionized by electrospray ionization (ESI) and
specific ions are selected for collision-induced dissociation (CID) in a
data-dependent scan. The ICAT-labeled peptides are identified using
the CID spectra and a sequence database search using a search engine
such as Mascot (Matrix Science, Boston, MA) or SEQUEST (Thermo
Scientific, San Jose, CA). Each pair of light and heavy ICAT-labeled
peptides has an 8 Da mass difference in their mass measurements.
The identified peptides are quantified by integrating the areas under
the peaks of the extracted ion chromatograms for each isotope-
coded peptide pair (light and heavy). The relative quantification
is determined by the ratio of the peak areas of the peptide signal
intensities for the test sample vs. the control sample.
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Figure3.1  Structures of the (a) original and (b) cleavable isotope-coded
affinity tag (ICAT) reagents. A biotin tag is used for affinity
isolation of ICAT-labeled peptides. The linker for the heavy
reagentincorporates a stable isotope; the original ICAT reagent
uses eight deuterium atoms to replace eight 'H atoms, and the
cleavable ICAT reagent uses nine '3C atoms to replace nine '2C
atoms. A thiol reactive group covalently and specifically binds
to the cysteine residues of the proteins.
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Figure 3.2  Workflow for quantitative analysis of proteome proteins using
ICAT reagents.

The original ICAT approach has several limitations: (1)
Incorporation of deuterium affects the physicochemical properties,
in that the d8-ICAT-labeled peptides tend to elute before the d0-ICAT-
labeled peptides in reverse-phase chromatography, which makes it
difficult to quantitatively compare a single moment in time; (2) the
biotin affinity tag is bulky and causes tag-related fragmentation of
ICAT-labeled peptides in CID; (3) the rather hydrophobic biotin tag
causes the peptides to elute within a fairly small time window; (4)
potential isobaric ambiguity exists between the two ICAT-labeled
peptides and the methionine oxidative peptides, due to the 8 Da
mass difference between the heavy and light tag.

3.2.2 Cleavable ICAT (Second-Generation)

The second-generation ICAT (cleavable ICAT) approach incorporates
an acid-cleavable bond, which allows the removal of the large affinity
tag moiety prior to MS measurements, and substitutes 3C for 2C
in the heavy isotope-labeled reagent rather than deuterium for
hydrogen (Fig. 3.1b). The cleavable ICAT reagent contains nine 13C
atoms in the heavy reagent instead of the eight deuterium atoms of
the original ICAT reagent [9]. The polyethylene glycol linker of the
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original ICAT reagent was replaced with an acid-cleavable linker.
An acid-cleavable isotope-coded affinity tag reagent (ICAT) with an
undisclosed structure is available from the manufacturer (AB SCIEX,
Foster City, CA).

The biotin tag of the cleavable ICAT reagent is removed by acid
cleavage after avidin affinity chromatography. Following the avidin
elution step, the cleavable ICAT-labeled peptides are evaporated and
reconstituted in concentrated trifluoroacetic acid (TFA) to cleave
the biotin moiety of the affinity tag from the peptides. This cleavage
reduces the overall mass of the tag on the peptides and improves the
peptide fragmentation efficiency of CID for sequence identification.
After the cleavage of the avidin tag, the TFA isremoved by evaporation.
The purified cleaved ICAT-labeled peptides are analyzed by LC-MS/
MS in the same manner as the original ICAT method for identification
and relative quantification of the labeled peptides.

Cleavable ICAT uses '3C atoms instead of deuterium to prepare
the heavy labeled reagent, and for the cleavable ICAT reagent, the
mass difference between the light and heavy forms is 9 Da. One of the
limitations of the first-generation ICAT reagents was that the d0- and
d8-labeled peptides had slightly different elution profiles in reverse-
phase high-performance liquid chromatography (HPLC) separation
due to the isotope effect. The cleavable ICAT reagent removes this
limitation by incorporation of '3C atoms instead of deuterium in the
heavy reagent [10].

3.3 Methods

It is recommended that the manufacturer’s instructions, cautionary
statement, and data sheet be reviewed before using the ICAT reagent.
The detailed cleavable-ICAT protocol and trouble-shooting methods
have been reported by Shiio and Aebersold [8].

3.3.1 Denaturing and Reducing the Proteins

The protein concentration of the sample is determined using a
Bradford assay prior to ICAT labeling. Eighty microliters of the
denaturing buffer is added to test tubes containing 100 ug of the
control sample and test sample. The protein samples are reduced
by adding 2 pL of 50 mM TCEP (Sigma-Aldrich, St. Louis, MO) to
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both the control and test sample tubes. After vortexing to mix and
spinning, the samples are boiled for 10 min.

3.3.2 Labeling with Cleavable ICAT Reagents

Twenty microliters of acetonitrile is added to vials containing
Cleavable ICAT Light and Heavy Reagents (AB SCIEX, Foster City,
CA). The reduced protein samples are transferred into the vials
containing the cleavable ICAT light and heavy reagents and are then
mixed and spun. The samples are incubated for 2 h at 30°C in the
dark.

3.3.3 Separation of Labeled Proteins by SDS-PAGE and
In-Gel Digestion by Trypsin

As an optional step to reduce the protein complexity, the ICAT-labeled
proteins can be separated by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). The labeled samples are combined
into one tube and evaporated using a SpeedVac centrifugal vacuum
concentrator (Thermo Scientific, San Jose, CA). The samples are
then dissolved in 100 pL SDS-PAGE buffer and separated. The gel is
stained with Coomassie blue and cut horizontally into several bands,
and each band is subjected to gel trypsin digestion. Trypsin is added
such that the ratio of the enzyme to the protein sample is 1:50 (wt/
wt), and the samples are incubated at 37°C for 12-16 h.

3.3.4 Cation—Exchange Chromatography of the
Cleavable ICAT-Labeled Peptides

Strong cation exchange (SCX) chromatography is used to remove
excess ICAT reagents. One hundred micrograms of the peptide
mixture is diluted by adding 2 mL Cation Exchange Buffer (5 mM
KH,P0,4, 25% acetonitrile, pH 2.5-3.0; AB SCIEX) and loaded onto
an SCX cartridge equilibrated with 2 mL of the cation exchange
buffer. The SCX cartridge is washed with the cation exchange buffer
and loaded to elute the cleavable ICAT-labeled peptide using Cation
Exchange Buffer-Elute (5 mM KH,PO,4, 25% acetonitrile, 350 mM KCl,
pH 2.5-3.0; AB SCIEX). After the peptide elution, the SCX cartridge
is washed by injecting 1 mL of Cation Exchange Buffer-Clean (AB
SCIEX).
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To further reduce the protein complexity, the cleavable ICAT-
labeled peptides can be fractionated using a high-resolution cation
exchange column such as a polysulfoethyl A column (PolyLC, Inc.,
Columbia, MD) under gradient elution conditions.

3.3.5 Auvidin-Affinity Chromatography and Cleavage of
Biotin Moiety

The SCX-eluted fractions are neutralized to pH 8 using 100 mM
NH4HCO3, pH 9.5 or according to the manufacturer’s instructions
as necessary to bring the pH up to 8.0. Each neutralized peptide
fraction is separately purified using the avidin bead supplied with
the cleavable ICAT reagent kit. The SCX-eluted fractions are then
loaded onto the avidin cartridge. To remove the non-labeled peptides
and nonspecific peptides, the avidin cartridge is washed and the
cleavable ICAT-labeled peptides are eluted with Affinity Buffer-Elute
(0.4% TFA in 30% acetonitrile; AB SCIEX).

Each avidin chromatography-eluted fraction is evaporated to
dryness in a centrifugal vacuum concentrator. The biotin moiety is
then cleaved under acidic conditions by adding 95 pL of cleaving
reagent A and cleaving reagent B (AB SCIEX) and incubating for 2 h
at 37°C. The cleaved sample is evaporated to dryness in a centrifugal
vacuum concentrator for 30-60 min, and the biotin-cleaved peptides
are reconstituted in 10-50 pL 0.1% TFA in 10% acetonitrile or 0.2%
acetic acid-1% acetonitrile for MS.

3.3.6 Mass Spectrometry

MS data are collected using two different platforms: ESI MS with
on-line nano- or microflow HPLC analysis and matrix-assisted laser
desorption ionization (MALDI) MS with off-line separation using
nano- or microflow HPLC fractionation.

The peptide samples are subjected to LC-MS/MS analysis using
an ion trap, quadrupole time-of-flight (Q-TOF), TOF/TOF, or orbitrap
type instrument equipped with a nanoelectrospray source, operating
in positive ion mode. Typical HPLC conditions are a linear gradient
using an octadecyl silane (ODS) reverse-phase column running
a mobile phase consisting of 0.1% formic acid and acetonitrile.
Generally, MS and CID data are collected continuously using a data-
dependent scanning method. Information-dependent acquisition is
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used to select the most abundant precursor ions excluding singly
charged ions for CID and the dynamic exclusion method is used to
prevent the selection of the same precursor ions.

3.3.7 Sequence Database Search for Identification and
Protein Quantitation

After analysis by nano- or microflow LC-MS/MS, the tandem mass
spectra data are searched against a protein sequence database using
search software such as SEQUEST, Mascot, or Pro ICAT (AB SCIEX).
Quantitation is based on the relative intensities of the extracted ion
chromatograms for precursor ions. Pro ICAT software incorporates
the LC-MS Reconstruct quantitation algorithm to conduct relative
quantitation of proteins. Mascot Distiller software, including the
Search Toolbox and Quantitation Toolbox, can conduct peak picking,
sequence searches, and relative quantitation.
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Post-translational modifications (PTMs) regulate the activity and
macromolecular interactions of many proteins. To date over 300
PTMs have been described, and many of them play essential roles in
the pathogenesis of diseases. With recent advances in biological mass
spectrometry (MS), comprehensive and accurate measurements of
PTMs at the proteome scale has become possible, allowing a better
understanding of cellular processes and disease mechanisms. Here
we review recent proteomics methods for detection of some of the
biologically important PTMs, including acetylation, glycosylation,
S-nitrosylation, phosphorylation, and ubiquitylation.

4.1 Introduction

Post-translational modification refers to the chemical modification of
specific amino acid residue(s) of a protein after its translation. PTMs
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affect the protein’s properties, such as charge and conformation,
resulting in changes of activity, binding affinity to other proteins,
localization, and turnover. For example, signal transduction cascades
usually operate through a series of protein phosphorylation/de-
phosphorylation events [8]. Recent evidence has shown that PTMs
notonly affect protein activity individually, butalso actin combination
to modulate molecular interactions via multi-site modification, e.g,
the “histone code” [10]. Therefore, systematic investigation of PTMs
on a large scale is important to understand their role in cellular
processes.

Traditionally, each PTM of interest has been studied at a specific
amino acid residue in an individual protein by means of laborious
biochemical approaches [93]. However, with the public release of
complete human genome/proteome sequences and recent advances
in mass spectrometry (MS)-based proteomics, ithas become possible
toidentify PTM substrates, to map the PTM sites, and to quantitatively
measure the dynamics of PTMs [3, 24, 30-31, 48, 93]. To date, more
than 79, 171 experimentally proven or potential PTM sites in the
human proteome have been recorded in the UniProt (http://www.
uniprot.org) database (based on the UniProtKB/Swiss-Prot Release
2010_09). Table 4.1 summarizes some of the PTMs studied by means
of MS-based proteomic approaches. A comprehensive list of post-
translational modifications can be found in the UNIMOD database
(http://www.unimod.org) and the Association of Biomolecular
Resources Facilities (http://www.abrf.org).

4.2 Proteomic Approaches for PTM Studies

Although modern MS is a powerful and sensitive tool for
proteomics, PTM studies still face many challenges [24, 30-31,
47, 93]. The relative low abundance of PTM proteins compared
with unmodified proteins, the temporal dynamics of PTMs, and
the spatial distributions of PTM proteins in subcellular organelles
make direct measurement of PTMs with MS impossible. Therefore,
enrichment or purification of PTM proteins of interest is important.
Immunoaffinity purification using specific antibodies is the most
common approach to enrich PTM proteins/peptides. The advantage
of immunoaffinity purification is that sample complexity is greatly
reduced for downstream LC-MS/MS analyses. However, high-quality



Table 4.1

Proteomic Approaches for PTM Studies

Selected post-translational modifications commonly studied

by means of proteomics approaches [24, 30-31, 47, 93]

Post-
translational
modification

Site of
modification*

Change
in mass
(Da)

Biological
functions

Acetylation

Acylation
Palmitoyl
Farnesylation
Myristoyl

Glycosylation
N-linked
O-linked

Methylation

S-Nitrosylation

Phosphorylation

Ubiquitylation

K (N-terminal, S, T)

C(K S T)
C
K, R, N-terminal, G

N
ST

K,R(D,E H,P,
C-terminal)

S,T,Y (H,R)

K (N-terminal)

42

238
204
210

>800
203,>800

14,28, 42

29

80

>1000

Protein stability,
protein-DNA
interaction,
regulation of
enzyme activity.

Cellular
localization,
protein-protein
interaction,
membrane
tethering

Protein stability,
protein solubility,
secretion, cell-cell
recognition

Regulation of gene
expression, protein
activity, protein-
protein interaction,
chromatin
dynamics, protein-
DNA interaction

Protein activity,
inflammation
response, oxidative
protection,
protein-protein
interaction,
transcription
regulation

Protein activity,
signaling, protein—
protein interaction

Protein stability,
signaling,
transcription
regulation

*Amino acid residues within brackets denote less common sites of modification.
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antibodies are not always available for PTMs of interest. Based on
the chemical properties of individual PTMs, alternative enrichment
strategies may be considered (reviewed in Ref. [93]).

In addition to the enrichment of PTM proteins/peptides, further
separation methodsare usually applied, e.g., one- or two-dimensional
gel electrophoresis for proteins, and ion exchange chromatography
and isoelectric focusing for peptides. Alternatively, subcellular
fractionation of biological samples also helps to reduce sample
complexity and provides additional localization information.

Here, we review some commonly studied PTMs and MS-based
proteomics approaches for these PTM studies.

4.2.1 Acetylation

Protein lysine acetylation, which is catalyzed by acetyltransferases
using acetyl-CoA as the co-factor, was historically recognized to
regulate gene transcription mainly by acting on histone proteins in
the nucleus. The recent discovery of lysine acetylation of non-histone
proteins, however, suggests a role of lysine acetylation in regulating
cellular metabolism outside the nucleus [7, 92]. The reversible
lysine acetylation of histones and nonhistone proteins has been
shown to regulate a variety of physiological /pathological processes,
such as aging, cancer, metabolism, inflammation, and cardiovascular
protection [7]. Lysine acetylation, furthermore, shows cross talk
with other PTMs such as protein phosphorylation, as exemplified by
the DNA-damage-induced p53 activation signaling cascade [86].
Although recent advances in MS-based proteomics allow PTMs
to be studied at the whole-proteome scale, e.g., phosphorylation
[59], the small difference between two lysine PTMs, i.e., acetylation
(42.011 Da increment) and tri-methylation (42.047 Da increment),
impedes unambiguous site determination of lysine acetylation.
With the availability of high-resolution mass spectrometers, such as
the LTQ-Orbitrap, and specific antibodies to acetyl-lysine, effective
purification and accurate measurement of lysine acetylation have
become possible [34]. In a recent comprehensive proteomic survey
on protein lysine acetylation, ~3500 acetylation sites in ~1700
acetylated proteins were identified in human cells, suggesting that
lysine acetylation is a ubiquitous PTM, similar to phosphorylation
[6]- The identification of protein acetylation in central metabolic
enzymes in bacteria [80, 88, 91] and mammalian cells [6, 34, 67,
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92] also demonstrates that protein acetylation is an evolutionarily
conserved PTM to regulate cellular metabolism.

Alternatively, protein acetylation can also be studied by metabolic
labeling with acetyl-CoA analogs [87] or affinity probes [27].
However, there is potential for off-target labeling with these chemical
analogs or probes. This is because acetyl-CoA is required for many
enzymes in addition to acetyltransferases. Furthermore, differential
selectivity of chemical analogs for different acetyltransferases
may cause biased labeling of a subset of protein substrates. Future
development of “universal” chemical probes or other chemical
derivations may provide tools that would be complementary to
antibody-affinity purification for unbiased and comprehensive
identification of acetylated proteins.

4.2.2 Glycosylation

Protein glycosylation plays key functions in many biological
processes, including cell-to-cell recognition, membrane fusion,
enzymatic activities, coordination of immune functions, and protein-
protein interactions [13, 17]. Alteration of glycan structures on the
glycoprotein or aberrant glycoprotein expression also correlates to
the pathogenesis of many diseases, e.g., cancer and inflammation
[12]. The two most common protein glycosylations are N-linked
glycans, which attach to Asn residues in the motif Asn-X-(Ser/Thr)
via N-acetylglucosamine, and O-linked glycans attached to Ser or Thr
residues [54]. Other minor protein glycosylations on Cys, Lys, and
Trp are also found in cells [25, 64].

Although carbohydrates on glycoproteins have been difficult
to analyze in the past due to their structural complexity, recent
development of MS-based proteomic approaches has allowed
the identification of glycosylation sites and provided structural
information for glycans [21]. For example, the glycoproteins
or trypsin-digested glycopeptides are first enriched by multi-
lectin affinity chromatography, and glycans are enzymatically or
chemically released from the protein/peptide counterparts [21].
The glycoproteins can be chemically or enzymatically labeled with
isotopic coded affinity tags (ICAT) [90] or 80 [32] to perform
quantitative proteomics studies. The released glycans can be
separately analyzed to obtain structural information [52, 89]. At
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present, enormous efforts are being made to develop more sensitive
MS methods for large-scale glycoproteomics studies.

4.2.3 S-Nitrosylation

Protein S-nitrosylation refers to the reversible covalent modification
of the thiol group of cysteine residues by nitric oxide (NO). Protein
S-nitrosylation plays an important role in NO-related and redox
signaling pathways in many systems, from plants to mammalians
[23,43].

Due to the labile nature of the S-NO bond and the low abundance
of endogenously S-nitrosylated proteins in vivo, however, it is
challenging to identify S-nitrosylated proteins and S-nitrosylation
sites, especially by MS-based proteomics approaches [33, 81].
In contrast to measuring the total amount of S-nitrosothiols by
colorimetric or chemiluminescence detection (reviewed in Ref.
[50]), the biotin switch method, which was first introduced by Jaffrey
et al, is the only viable MS-based method for the identification of
protein S-nitrosylation at the proteomic level [29]. To date, over
300 proteins have been reported to be S-nitrosylated or regulated
by S-nitrosylation, using the biotin switch method coupled with MS
detection [16, 42, 68].

In the classic biotin-switch method as originally developed
by Jaffrey et al. [29] (Fig. 4.1), free cysteines are first blocked by a
thiol-reactive reagent, monomethyl thiosulphonate (MMTS), via
disulfide bond formation. S-NO bonds of S-nitrosylated cysteine are
then reduced with ascorbate. It should be noted that the reducing
power of ascorbate is not strong enough to break disulfide linkages;
therefore, specific reduction of the S-nitrosylated cysteine can
be achieved. After chemical substitution with a biotin-containing
affinity molecule, N-[6-(biotinamido)hexyl]-3’-(2’-pyridyldithio)
propionamide (biotin-HPDP), followed by further biotin affinity
purification, the biotinylated proteins are identified by LC-MS/MS.

Although the classic biotin-switch method has been widely
applied for S-nitrosylation studies, some technical issues were
raised [45]. For example, the disulfide bonds in proteins may
hamper efficient trypsin digestion and downstream peptide
identification. In addition, the decomposition of biotin-HPDP may
produce a side reaction with free thiols, thereby introducing false-
positive signals via disulfide interchange [15]. To overcome these
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problems, many technological improvements have been reported.
By using an S-alkylating strategy to block free cysteines and to
label S-nitrosylated cysteine, for example, disulfide interchange can
be minimized and the endogenous disulfide bonds can be further
reduced, allowing better digestion efficiency and identification
confidence [2,4]. In arecent study, Forrester et al. used a combination
of a synthetic thiol-reactive resin and the iTRAQ labeling method to
conduct a quantitative proteomics examination of S-nitrosylation
[16]. For more comprehensive discussion of S-nitrosylation studies
employing the biotin switch method, readers are referred to several
recent review articles [15, 44, 49, 78].

I
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Figure 4.1  Chemical derivation of S-nitrosylated cysteine by the biotin
switch method. Adapted from Ref. [29].

4.2.4 Phosphorylation

Protein phosphorylation, which occurs on Ser, Thr, or Tyr, is
also a reversible PTM catalyzed by kinases and phosphatases.
Phosphorylation is perhaps one of the most important PTMs in
cells. One-third of all proteins in a eukaryotic cell can undergo
phosphorylation modifications [48]. Protein phosphorylation
participates in the regulation of protein activities, signaling
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transduction, protein-protein interaction, and control of
transcription [26].

MS-based approaches have been extensively applied to the
study of protein phosphorylation at the proteome scale, i.e., the
phosphoproteome [11, 46, 48, 76]. For example, Rush et al. used
antibodies specifically targeting phospho-tyrosine to perform
immunoaffinity profiling of tyrosine phosphorylation in cancer
cells [65]. Due to the unavailability of phospho-serine and phospho-
threonine specific antibodies, alternatively, several chemical
methods for phosphoproteins enrichment have been reported,
such as immobilized metal ion affinity chromatography (IMAC)
[70], metal oxide chromatography [28, 38], and [-elimination
followed by Michael addition [18, 58, 77]. Modifications based on
the above-mentioned strategies have been successfully applied for
comprehensive phosphoproteomic studies [19, 37, 41, 63, 72, 79].
Recent developments and applications are discussed in the later
part of this chapter.

4.2.5 Ubiquitylation

Protein ubiquitylation is the addition of ubiquitin, which is a small
protein consistingof 76 amino acid residues, viaits C-terminal residue
(Gly76) to a substrate lysine residue by ubiquitin-ligase enzymes
[22]. Protein ubiquitylation was first found to target proteins for
proteasomal degradation, thereby playing an important role in the
regulation of protein turnover in cells [22]. The later discovery of
many ubiquitin-like modifiers, such as NEDD8 or SUMO, further
extended the non-degradative functions of protein ubiquitylation to
a variety of biological processes, such as DNA repair, transcription,
endocytosis, sorting, and signal transduction (reviewed in Ref.
[83D).

Although it is inherently difficult to study protein ubiquitylation
due to the rapid turnover of ubiquitylated proteins, several
proteomics approaches have been developed (reviewed in Ref. [35]).
For example, Peng et al introduced a recombinant 6xHis-ubiquitin
gene into yeast cells, and proteins labeled with 6xHis-ubiquitin were
purified by His affinity chromatography. After trypsin digestion
followed by strong cation exchange chromatography and reversed-
phase LC-MS/MS, 1075 proteins were identified from yeasts [60].
Furthermore, 110 ubiquitylation sites present in 72 substrate
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proteins were also preciously determined by taking the advantage
of a mass shift at lysine residue (+114.1 Da), which derived from di-
glycine residues (Gly-Gly) of ubiquitin after trypsin digestion [60].

Matsumoto et al. performed immunoaffinity chromatography
using a monoclonal antibody that specifically recognized ubiquitin-
protein conjugates, but not free ubiquitin, to purify ubiquitylated
proteins from human HEK 293T cells [51]. By varying the purification
environment (native or denaturing conditions), target proteins in
substantially different functional categories were identified. In total,
670 distinct proteins were identified; 345 proteins and 325 proteins
were identified after denaturing and native purification, respectively
[51]. The different subsets of ubiquitylated proteins identified under
the two conditions may reflect potential regulation and quality
control of different proteins, e.g., ribosomal proteins [51].

Although the signature mass shift (+114.1 Da) at di-glycine-
containing lysine peptides from ubiquitylated protein has been
widely applied to pin-point ubiquitylation sites, Nielsen et al.
reported that an iodoacetamide-induced artifact, which mimics
ubiquitylation signatures, may arise during sample preparation [57].
Therefore, because of the potential for false-positive identification,
bona fide ubiquitylation sites should be verified by other biochemical
approaches.

4.3 MS-Based Analyses of Protein
Phosphorylation

4.3.1 Enrichment of Phosphorylated Proteins or
Peptides

Phosphorylated proteins are usually characterized by MS after
proteolytic digestion. Due to the lower ionization efficiency
of phosphopeptides, efficient and specific enrichment of the
phosphopeptides prior to MS analyses is important. As mentioned in
Section 4.2.4, various enrichment strategies are currently available.
Figure 4.2 gives an overview of these strategies. Here we focus on
some commonly used phosphopeptide enrichment approaches.
Readers who are interested in quantitative phosphoproteomics
should refer to several recent reviews and studies [76, 82].
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4.3.1.1 Immobilized metal ion affinity chromatography

Immobilized metal ion affinity chromatography is traditionally
used for the affinity purification of His-tagged proteins by chelating
metal ions (Fe3*, Ga3*, or Co?*) to nitrilotriacetic acid (NTA) or
iminodiacetic acid (IDA) coated beads. As first demonstrated by
Neville et al. [56], phosphoproteins and phosphoamino acids also
bind to IMAC resin [1], and so IMAC can be used for the enrichment
of phosphopeptides.

Although IMAC has been extensively used for phosphopeptide
enrichment, the high level of non-specific binding of
nonphosphorylated peptides is a serious problem, especially in
highly complex peptide samples. This non-specific binding is due to
the interaction between IMAC resin and the carboxylic side chains of
Asp and Gluin nonphosphorylated peptides. Several approaches have
been developed to circumvent the problem. Ficarro et al. improved
the enrichment specificity by using O-methyl esterification to block
carboxyl groups of Asp and Glu [14]. Alternatively, the specificity of
IMAC can also be increased by adjusting the pH to the range (2.7~3.0)
in which carboxyl groups of Asp and Glu are protonated and lose
their binding affinity to IMAC resins [62]. By carefully controlling the
species and concentration of acids, specific and effective enrichment
of phosphopeptides can be achieved [37, 79].

4.3.1.2 Hydroxy acid-modified metal oxide chromatography

TiO, beads were first used as an affinity agent for organophosphates,
including phosphopeptides [28], and were subsequently used for
phosphoproteomic studies [61]. In addition, ZrO, has been used for
phosphopeptide enrichment, because of the high affinity of ZrO,
for phosphates [38]. By including benzoic acid derivatives, e.g.,
2,5-dihydroxybenzoic acid (DHB) and phthalic acid, in the sample
loading buffer, Larsen et al. achieved effective removal of acidic non-
phosphopeptides during phosphopeptide enrichment with TiO, and
downstream MALDI-MS analyses. Although this protocol is proven
effective, it is not applicable to LC-MS/MS analysis, because residual
DHB interferes with peptide detection.

Our group recently developed anovel method for phosphopeptide
enrichment using aliphatic hydroxy acid-modified metal oxide
chromatography (HAMMOC) [72]. By the inclusion of aliphatic
hydroxy acid, the HAMMOC system greatly reduces the non-specific
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bindingofnon-phosphopeptides[72]. Hydroxyacids canbind tometal
oxide, e.g.,, TiO, and Zr0O,, by forming a cyclic chelate complex [75],
whereas phosphate forms a bridging complex with two metalions [9].
Therefore, there is a differential affinity for metal oxides in the order
phosphopeptides > aliphatic hydroxy acid > nonphosphopeptides
(strong to weak) [72]. By screening a series of hydroxy acids as
sampling loading systems, we found that lactic acid most effectively
suppressed the identification of nonphosphopeptides [72]. At the
same time, the lactic acid can be easily removed by means of a C18
desalting procedure; therefore the HAMMOC system can be coupled
with LC-MS/MS without difficulty. By using successive elution of
phosphopeptides with secondary amines, such as piperidine and
pyrrolidine, in addition to ammonium hydroxide, we were able to
identify 3000~4000 phosphopeptides using HAMMOC from only
100 pg HeLa cytoplasmic extract as the starting material [39].

4.3.1.3 B-Elimination and Michael addition

Phosphopeptides can also be enriched by chemical derivatization.
Phosphate groups on serine and threonine can be removed by
alkaline treatment, i.e., B-elimination, to form dehydroalanine and
dehydrobutyrine, respectively. When a sulfhydryl group containing
a linker coupled with biotin or another affinity tag is added, a dithiol
is formed in the peptide by Michael addition, allowing labeling
and enrichment of phosphopeptides for LC-MS/MS analyses
[18, 58]. However, there are some drawbacks to B-elimination/
Michael addition strategies. A large amount of starting material is
required due to the complicated chemical reaction steps, and, more
importantly, B-elimination can occur on O-glycosylation, resulting in
false identification of phosphopeptides.

Despite the drawbacks of phosphopeptide enrichment,
B-elimination can be useful for the confirmation of phosphopeptides
after purification by other strategies, as first demonstrated by
Wolschin et al. [84]. We recently presented a novel strategy that
consists of HAMMOC-based phosphopeptide enrichment followed
by alkali-induced f-elimination, to improve the efficiency of
phosphopeptide identification by MS, especially for multiply
phosphorylated phosphopeptides [40]. By using this strategy,
we have successfully identified 1649 unique phosphopeptides,
including 325 multiply phosphorylated phosphopeptides, from 200
ug Arabidopsis cellular lysate [40].
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4.3.2 Application of HAMMOC in Phosphoproteomic
Studies

With the success of MS-based phosphoproteomics approaches,
more than 20,000 and 8000 phosphorylation sites in the human and
mouse proteome, respectively, have been documented in the UniProt-
SwissProt database. In fact, as shown in Fig. 4.3, our group has found
more than 111,000 phosphorylation sites in 14,627 human proteins
by using the HAMMOC strategy (Ishihama et al, unpublished data in
April, 2013). When the UniProt entries are combined with our data, it
is found that 72% of human proteins are subject to phosphorylation
modification.

Uniprot unique (1%)

Uniprot
non-phosphoproteins HAMMOC-Uniprot
(28%) overlap (23%)

Phosphoproteins (72%)

HAMMOC unique (48%)

Figure 4.3  Nearly two-thirds of human proteins can be phosphorylated.

Besides mammalian cells, we also studied protein phosphoryla-
tion in other organisms using the HAMMOC strategy. For example,
over 2000 and 6000 phosphorylation sites in Arabidopsis [40, 73]
and rice [55], respectively, were identified by our group and col-
leagues. These data indicate that protein phosphorylation is an evo-
lutionarily conserved PTM in plants and mammals.

4.3.3 Sequencing and Site-Determination of
Phosphopeptides by MS

In modern proteomics studies, peptide sequencing with tandem MS
is mostly performed by collision-induced dissociation (CID) [69].
However, sequencing of phosphopeptides by CID is challenging due to
the loss of labile phosphate groups and the low ionization efficiency.
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Several MS-based methods have been developed to improve the
identification efficiency and site accuracy of phosphopeptides, such
as neutral loss-triggered MS? [20], pseudo-MS3 [66], electron capture
dissociation (ECD) [36, 71], and electron transfer dissociation (ETD)
[5, 53]. It should be noted that ECD and ETD are useful methods for
the identification of multiply phosphorylated peptides, which are
difficult to analyze by CID [74].

4.4 Concluding Remarks

PTM proteomics is an emerging field that has progressed rapidly
in recent years. The continuous methodological developments
in PTM detection, together with the development of increasingly
sophisticated mass spectrometers, means that comprehensive
mapping of individual PTMs is now feasible. The next important
issue is to establish how PTMs crosstalk with each other to regulate
cellular processes at the proteome scale, as exemplified by the
multiplex PTM modification of histones, the so-called “histone code”
[85]. We believe that comprehensive multiplex PTM studies will
provide abetter understanding of cellular processes and homeostasis
in the future.
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In this chapter, we summarize our proteomic studies in the field of
cardiovascular medicine. Our research focuses on understanding
the role of proteins in cardiovascular disease with an objective of
better understanding cardiovascular pathophysiology to lead to the
development of new and better diagnostic and therapeutic methods.
A particular focus has been placed on understanding intracellular
pathogenic processes such as epigenetic regulation and extracellular
processes such as identifying and quantitating extracellular proteins.
We have used mass spectrometry as both an exploratory and a
diagnostic technology for the detection of processes ranging from
protein-protein interactions to post-translational modifications in
cellular proteins as well as circulating biomarkers. Fractionation
methods for proteins such as liquid-based two-dimensional methods
as well as immuno-enrichment procedures have also been explored
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to enable further facilitation of protein pre-separation. In addition
to these functional proteomics studies, structural proteomic studies
are also done with a hope to allow for pinpoint drug design and
therapeutic intervention. Collectively, our proteomics studies
are focused on understanding the functional role and potential
therapeutically exploitable property of proteins in cardiovascular
disease from both intracellular and extracellular aspects with
both functional and structural proteomics approaches to allow for
comprehensive analysis.

5.1 Introduction

Major interests in the life sciences have been rapidly transitioning
to understanding proteins as the major field of research in the
post-genomic era. The completion of the human genome project
demonstrated the marginal increase in genes during evolution that
diversity in humans is likely dictated by post-genomic regulation,
namely proteins, [1, 2]. Aside from the recently addressed field of
RNA regulation (e.g. micro-RNA, etc.), post-genomic regulation
at the protein level is likely the major regulatory step. Splicing,
processing and post-translational modifications in addition to the
protein-protein interaction are but some of the notable regulatory
pathways.

In contrast to genes/DNA, which are quite stable as would be
necessary for conserved preservation of the genetic information,
proteins, which are the products of genes, are rather unstable and
have short half-lives being produced and then degraded to be present
to function only when and where their need is dictated as reflective of
their physiologically active properties. Not only are different proteins
produced at times through splicing, but once they are produced they
are often processed/cleaved and/or modified (e.g. phosphorylation,
glycosylation), and act in concert with other proteins as complexes
before they are degraded. Indeed, understanding the complex
regulation of proteins under a given condition (e.g. temporospatial
context) is of utmost importance in understanding their function.

While proteomic analysis in general concerns the comprehensive
understanding of proteins and their functions, which often entails
understanding their functions in a non-challenged or quiescent
state, our interests are focused on the role of proteins as relevant
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in disease states and their regulation as manifested under disease
conditions. Temporal changes in disease-associated factors are
important in understanding pathophysiology. For instance, genetic
disorders as represented by monogenic disorders often manifest
phenotypes in early life. However, for acquired diseases such as
oncogenic as well as lifestyle-oriented diseases, environmental
factors play an important contributory role to onset of disease aside
from their genetic underpinnings. Although the regulation of gene
expression undoubtedly plays an important role, temporal changes
in later/adult life is regulated in main at the level of proteins, and
therefore studies at the protein level are ideal for studies focused on
disease onset and progression. We therefore strive to understand the
molecular changes which affect proteins under disease conditions,
not only to understand their role in the pathophysiological basis of
disease, but to further exploit their possible roles in diagnostic as
well as therapeutic applications.

The following discussion on our use of proteomic approaches
will be separated into categories of analysis on intracellular proteins
and extracellular proteins.

5.2 Proteomic Analysis of Intracellular Proteins

For the proteomic analysis of intracellular proteins, we have
focused on understanding intracellular pathogenic processes
with a particular focus on understanding epigenetic regulation in
cardiovascular disease [3, 4]. To briefly provide the background
on epigenetic regulation, in eukaryotes, including mammals such
as humans, the genomic DNA is packaged into chromatin, whose
fundamental unit is the nucleosome in which DNA is twice wrapped
around the histone octamer. This compaction of DNA is likely
necessary to efficiently package the vast amount of genomic DNA as
found in the eukaryotic cell. This adds an additional step necessary
in activation of transcription as DNA is wound in the chromatin
state under basal conditions. Only after the chromatin structure is
relieved can transcription factors, including both regulatory and
general factors, access the promoter to regulate transcription and
thus gene expression.

Epigenetic regulation impacts a multitude of physiological
as well as pathophysiological reactions ranging from cancer to
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cardiovascular disease. It had been poorly addressed in the field
of cardiovascular disease likely due to more important focus on
physiology as well as membrane-oriented cellular biology. However,
pioneering work in the skeletal muscle, which is the prototype
for cardiac as well as smooth muscle, which are relevant in the
cardiovasculature, suggested from early on that epigeneticregulation
may be important in phenotypic regulation. Studies using the DNA
methylation inhibitor, 5-azacytidine, showed that the regulation
of methylation state can induce myocyte differentiation [5]. This
work led to the discovery of the transcription factor, MyoD, a master
regulator transcription factor of myogenic differentiation [6]. Recent
studies have shown that epigenetic regulation, namely in the form of
regulators of the post-transcriptional modification, acetylation, play
a role in regulating cardiac growth and re-modelling (e.g. cardiac
hypertrophy and failure). The studies from the Olson lab have been
instrumental in establishing that acetylation/deacetylation, in
particular through the functions of deacetylases (HDACs, histone
deacetylases), play a pivotal role in cardiovascular phenotypic
modulation and disease [7, 8].

Wehavealsofocusedin parallelontherole ofepigeneticregulation
of cardiovascular disease with a focus on understanding the role of
protein-protein interaction and post-translational modification,
namely acetylation. For this, we have used proteomic approaches to
understand the underlying mechanisms of functional regulation of
the Sp- and Kruppel-like factors of zinc finger transcription factors,
which play an important role in cardiovascular regulation [3, 9]. As
protein-protein interaction and post-translational modifications
are detectable by proteomic approaches, as a result, we were able
to define novel mechanisms of epigenetic regulation of transcription
and cardiovascular disease through our studies, which will be
discussed in detail below.

Zinc finger factors, especially those which contain a cysteine-
histidine (Cys2-His2) zinc-finger motif, emerged through evolution
and markedly increased in eukaryotes [10]. Although this common
motif is widely found in cellular factors ranging from enzymes
to transcription factors, often the motif is used as a DNA-binding
domain in transcription factors. As these factors preferentially
evolved in eukaryotes, they are thought to play functional roles in
developmental and differentiation processes among others. The
specificity protein- (Sp-) and Kruppel-like factors (KLFs) are a family
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ofthese factors which is centred on Sp1 (specificity protein-1), which
was one of the first regulatory transcription factors identified as a
factor which stimulates the simian virus 40 (SV40) early promoter
by binding to its GC-rich promoter sites [11]. The subsequent
categorization of the genome showed that Sp1 and its related factors
show sequence similarity centred on the zinc-finger region with
other zinc finger transcription factors related to the Kruppel gene
as identified in Drosophila as being a gap segmentation gene [12-
19]. We now understand that there are approximately 20 of these
factors in mammals, and through gene mutation studies that these
factors often have individual biological functions. For instance, KLF1
(aka erythroid KLF, EKLF) is required for erythrocyte development.
Interestingly, studies on zebrafish have shown that the KLFs have
evolved to function mainly in the blood and circulatory organs [20].
Thus, the KLFs are an excellent target for our work, which centres
often on the cardiovascular role of proteins.

We set out to understand the role of transcription factors
in chromatin regulation with a focus on the Sp/KLF factors in
cardiovascular pathophysiology. Recent studies have shown
chromatin transcription is regulated by three classes of factors which
include (1) modification enzymes such as methylases and acetylases,
(2) ATP-independent nucleosome assembly factors which are also
called histone chaperones and (3) ATP-dependent nucleosome
assembly factors. These factors through protein-protein interactions
and post-translational modifications affect their target protein (e.g.
histones, transcription factor) to regulate transcription.

Usingthezincfinger DNA-bindingdomainregion, whichisoftenan
interface for protein-protein interactions, of Sp1 and KLF5, the latter
being a Kruppel-like factor important in mediating cardiovascular
re-modelling in response to external stress, we affinity purified
proteins which interact with these peptides from nuclear extract
and identified them by use of matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI TOF-MS) with
subsequent peptide mass fingerprinting/post-source decay (PMF/
PSD) analysis. We identified an ATP-independent nucleosome
assembly factor, template activating factor-1 (TAF-1/SET) to interact
with both Spl and KLF5 [21, 22]. TAF-I/SET inhibited the DNA-
binding and promoter activation activities of Sp1 and KLF5 and thus
acts as a transcriptional repressor. We had previously shown through
afocused approach that Sp/KLF factors are differently acetylated. We
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found that the coactivator/acetylase p300 interacts and acetylates
KLF5 to coactivate transcription, and interestingly that TAF-1/SET
could mask KLF5 from being acetylated by p300. These showed that
TAF-1/SET could inhibit acetylation of transcription factor. We also
showed the regulation of these factors under pathophysiological
conditions. Under phorbol ester stimulation (as an agonist of
pathophysiological stimulation), KLF5 was upregulated as was its
downstream gene, platelet-derived growth factor A-chain (PDGF-A),
but interestingly the repressor, TAF-I/SET, was downregulated
under these conditions, thus likely allowing for stimulation of
transcription. As p300 has been shown to be induced by phorbol
ester, it is likely that coordinated induction/repression of cofactor
with transcription is important for transcriptional regulation. We
further showed that protein-protein interaction (e.g. p300, TAF-1/
SET) is coupled with post-translational modification (e.g. acetylation)
and thus showed a novel mechanism of transcriptional regulation
as defined by proteomic approaches. We further went on to show
that the deacetylase, HDAC1, competes with p300 for interaction
with KLF5, which showed that deacetylase regulates transcription
at levels other than catalytic regulation [23]. More recently, we have
identified a novel ATP-independent nucleosome assembly factor,
ANP32B, to interact with KLF5 and to repress transcription at the
nucleosome level [24]. Through our studies and those of others, we
now know that the Sp/KLF factors, aside from histones, are the only
family of factors which associate with all three classes of chromatin
re-modelling factors, with further regulation among these classes
of chromatin re-modelling factors [4]. Thus, proteomic approaches,
which often excel in identifying protein-protein interactions as
well as post-translational modifications, played an important role
in identifying a novel pathophysiological transcriptional regulatory
mechanism.

The DNA damage response pathway is also another aspect of
epigenetic regulation that we have been pursuing. Initial studies to
identify KLF5-interactors showed that the DNA damage sensor pro-
tein, poly (ADP-ribose) polymerase (PARP), interacts with KLF5 to
regulate the anti-apoptotic functions of KLF5 in cardiovascular pa-
thology [25]. As this finding that the DNA damage response pathway
function in the cardiovasculature was somewhat surprising given
that this pathway is known to play a major role in the checkpoint for
cancer, we further investigated the contributory role of this pathway
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by investigating the role of the ataxia telangiectasia mutated (ATM)
protein, which is the central molecule in this pathway. We recently
showed that ATM is involved in regulating vascular senescence and
aging [26]. Thus, the DNA damage response albeit initially unexpect-
ed plays a contributory role to cardiovascular pathophysiology

We have further carried out crystallographic studies to
understand the biophysical mechanisms of the protein-protein
interaction and post-translational modifications as stated with
the ultimate goal to develop pinpoint drugs/compounds to
specifically regulate chromatin transcription in the context of
pathophysiological regulation. We have already solved the crystal
structure of TAF-I/SET [27] and that of ANP32B [28]. Co-crystal
structure analysis should allow for designing specific compounds.
Thus, our functional and structural proteomic analysis is a model
approach for comprehensive understanding of the role of proteins
in cardiovascular pathophysiology.

In summary, proteomic approaches have been instrumental in the
discovery of new pathophysiological mechanisms of cardiovascular
disease involving protein-protein interaction and post-translational
modification (acetylation). Given that our studies were done in a
timely manner as concurrent with studies by others to study the role
of epigenetic regulation with a focus on acetylation/deacetylation in
the cardiovasculature, the field of cardiovascular research has much
advanced in its comprehensive understanding of involved proteins in
recent years. Importantly, in contrast to the work of others which has
mainly focused on use of animal models, our proteomic studies have
allowed for understanding the underlying pathogenic mechanisms
at the protein level which complement these works done using
different approaches. These mechanistic insights will likely lead to
new approaches for therapeutic intervention. Cardiovascular disease
now sets a benchmark for understanding epigenetic regulation in
disease and will likely impact other fields (e.g. metabolic disease,
cancer) which are diseases with similar acquired changes in later
life. One concern which remains for proteomic analysis is that
the abundant protein is the first to be identified, which may not
necessarily physiologically relevant. More emphasis on combined
functional assays with MS-based identification will be needed. We
were fortunate that our selection of protein interaction domain and
cell conditions resulted in favourable results. However, itisimportant
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to note that much trial and error was needed in establishing
conditions which benefited much from our experience and training
in classical cold-room techniques using chromatographic columns to
separate proteins. Essentially, the MS-based techniques were much a
technological advancement allowing for detection with less amounts
of protein, but the questions and experimental logic for procedure
used was much consistent with those of the past. Knowledge and
experience in protein purification is thus likely a prerequisite
for effective use of MS-based techniques. Further studies will be
aimed at better understanding the temporo-spatial regulation of
protein-protein interaction and post-translational modification in
the combinatorial context (e.g. complex) with further understanding
their roles in situ using imaging MS techniques which are being
developed at present. The eventual development of an interaction
and regulatory map of proteins in disease states, not only in
cardiovascular medicine but in all medical fields, will surely allow
for the better understanding of the pathophysiology as well as allow
for targeted therapeutic intervention.

5.3 Proteomic Analysis of Extracellular Proteins

For extracellular proteins, we have focused on discovering new
proteins and their functional roles for exploitation in diagnostic
purposes (e.g. biomarkers) as well as for therapeutic purposes (e.g.
bioactive molecules). Since the pioneering work of predecessors of
the lab in which cardiac myosin light chain was purified and then
applied for the diagnosis of myocardial infarction [29], clinical
application of protein chemistry has been a longstanding research
topic. The authors have also recently shown that vascular smooth
muscle proteins can be used in the diagnosis of aortic dissection
[30-33], which is the first diagnostic application of a blood test for
this disease, as well as various oxidized LDL assays in the diagnosis
of coronary artery disease [34-36], in addition to characterization
of other cardiovascular diagnostic markers such as the natriuretic
peptides among others (e.g. interleukin-6 in coronary artery disease)
[37-39].

Thus, with this longstanding background in diagnostic
applications of protein-based markers and assays, the authors
were keen to introduce MS technology to the lab early on. We first



Proteomic Analysis of Extracellular Proteins

used MALDI-TOF MS to identify post-translational modifications
(e.g. acetylation) in the above-mentioned intracellular proteomic
studies and also aimed at using this technology to identify new
pathophysiological proteins in the cardiovasculature.

There are two critical determinants of using MS-technology
for the detection of proteins. First is the detector as exemplified
by MALDI-based MS detection as well as electrospray ionization-
type detection (ESI). Importantly, MS technology allows for the
detection of minute amounts of protein as would not have been
possible by classical techniques. The other important determinant
is fractionation or pre-MS separation procedures. This is the most
important step for any protein identification or detection procedure,
either being a classical technique or recent one. Finally, developing
a workflow which best suits the specific needs of the lab must be
developed based on these steps. For instance, if working with blood
samples, a further workflow involving sample preparation prior to
the separation procedure must be optimized.

Our studies have focused on addressing the possibility of using
MS-based technologies not only as a research tool but also as a
diagnostic tool for clinical medicine with a particular focus on blood-
based techniques. On the former point of the detector, while we also
use ESI-based techniques as a research tool, we have focused in main
on using MALDI-based detection. At present, five devices are used
in the lab, which include a PerSeptive Biosystems Voyager DE-STR,
Ciphergen ProteinChip PBSII reader, and Shimadzu Biotech AXIMA
QIT, CFR and Confidence instruments. Our findings and opinions
are based primarily by use of such equipment, and workflow as
optimized for such. Clearly, the more sophisticated and sensitive
instrumentation provides more information on the sample, but
questions still remain on quantitative assessment, reproducibility
(between-run) and standardization as would be necessary for
diagnostic use. Further, the specifications as would be needed for
diagnostic detection have yet to be determined. As our knowledge
and experience with this technology advances and specific diagnostic
content and protocols become established, then the specifications as
necessary for diagnostic use will become apparent. Only then will a
MS device specific for clinical diagnostic use become available, and
most likely be refined for this purpose. One further important issue
for clinical diagnostic use would be that the pricing of MS devices
decrease to a reasonable level to allow wide use as well as ease-of-
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use, but this will likely be dictated by the necessary specifications
needed.

The issue of protein fractionation has remained the most
challenging aspect. In blood, approximately 20 proteins, including
albumin, IgG and haptoglobin among others, comprise the majority
of the proteins available. At present, methods are available to
facilitate specific removal of these abundant proteins from blood
(e.g. Agilent, Beckman Coulter), but at times the protein of interest
may be attached to these abundant proteins for which clearance may
not necessarily be wise. lon exchange and other protein purification
procedures can be applied at micro-scale levels to separate proteins
as well. One technology which warrants mention is the surface-
enhanced laser desorption ionization (SELDI) MS technology
(Ciphergen/Bio-Rad), which is characterized by chemically modified
surfaces similar to chromatography (e.g.ion-exchange, metal-affinity,
etc.), but importantly manipulated on the MS plate thus allowing
for both separation of protein as well as subsequent detection.
This seemed to be an advantageous solution to a single workflow
for on-chip fractionation and high-throughput analysis, although
a verdict has yet to be reached. Numerous diagnostic applications
of this technology are presently under investigation mainly in the
field of cancer (e.g. ovarian cancer, prostate cancer) [40, 41], as are
the studies which address its reproducibility (e.g. different centres)
[42] as would be necessary for a diagnostic platform. Although an
approved diagnostic use has yet to become available, studies have
shown that MS-based diagnosis may provide early and sensitive
detection of ovarian cancer as compared to the classical tumour
marker, CA125, as an example [40].

Two-dimension electrophoresis (2D-PAGE) and immuno-based
separation procedures remain major areas of research. 2D-PAGE has
been classically used for protein separation as well as differential
analysis, and presently labelling methods as well as computer-assist-
ed identification procedures have much facilitated this technology. It
is important to note that MS technology is most optimized for the
detection of peptides and small molecules (e.g. <5000 daltons) and
when proteins and larger molecules are of interest, 2D-PAGE sepa-
ration still remains a viable procedure despite its low-throughput.
How to improve upon 2D separation procedures therefore remains
an important topic. One recent technology which warrants mention
is the PF 2D system (Beckman Coulter), which allows separation of
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proteins by two-dimensional liquid chromatography system based
on separation by chromatofocussing with subsequent reversed-
phase chromatography. We performed differential proteomic analy-
sis using an animal model of diabetes mellitus and associated meta-
bolic disorders (Otsuka Long-Evans Tokushima Fatty rat) using this
system. Differentially expressed proteins in serum were identified
with MALDI-TOF mass spectrometry including apolipoproteins and
alpha2-HS-glycoprotein [43]. This was the first application of this
approach to differential serum proteomics. While this technique still
is in early stages and has poor throughput, it shows the potential
of non-gel-based 2D techniques in identifying disease-associated
proteins. We further used this technology to identify a new regula-
tory pathway of transforming growth factor-beta in vascular disease
[44].

We also helped develop a micro-scale 2D device for clinical use
as initially described [45]. As this technology could allow liquid-
based separation according to pl-values with high throughput and
as the chips are disposable, there are high expectations for clinical
applications.

Antibody-based immuno-separation is also an attractive
procedure once the protein of interest is identified. Optimal
procedures and platforms (e.g. beads, plates) for use of immuno-
based separation will also need to be addressed. Importantly, as
protein fragments may be associated with disease as well as their
modifications, immuno-based isolation will likely be pivotal for
clinical application. For instance, fragmented and modified forms of
the cardiac troponin protein are known to be associated with cardiac
disease [46, 47].

Whether MS instrumentation will find its way into mainstream
diagnosis remains a question to be answered, butitis already used for
the diagnosis of inborn metabolic disorders and familial amyloidosis
among others. For this technology to become a viable addition to
diagnostic testing will require that it shows that it is cost-effective
and shows important information which cannot be detected by
any other technique. For instance, protein fragmentation and post-
translational modification in disease are surely attractive targets in
which detection by MS would excel, and for this to be a viable test
would likely require that a panel of antibodies (e.g. protein chip)
become available to allow for effective detection (e.g. cost, time).
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Quantization, reproducibility and portability are also issues which
remain to be addressed.

5.4 Conclusions: Implications and Lessons
Learned

In all, this review has summarized our approaches to proteomic
medicine, and how we have used it in our lab to better understand
cardiovascular pathophysiology with a focus on epigenetic
regulation as well as biomarker discovery with further interest in
clinical application of the technology. Although clinical application
or exploitation of MS technology is still in young stages, further
advancements will surely clarify the use of this biotechnology as a
medical tool.

In a general context, the cardiovascular proteome is a current
topic of interest and in the United States the National Heart, Lung,
and Blood Institute (NHLBI) has ongoing a clinical proteomics
working group that is charged with identifying opportunities and
challenges in clinical proteomics and using these as a basis for
recommendations aimed at directly improving patient care [48]. The
Human Proteome Organisation (HUPO) plasma proteome projectalso
had a cardiovascular sub-study which catalogued plasma proteins to
be used as a resource [49]. HUPO has just announced the start of the
Human Proteome Initiative at the annual meeting (September 2010,
Sydney, Australia) and aims to elucidate the human proteome during
the next decade. Other studies have been ongoing on a global level
to address the technologies and their results as would be relevant
to cardiovascular disease. Although most studies have resulted in
cataloguing differential protein profiles in cells and disease states
[50, 51], this is an important initial step in determining the potential
of the technology and cross-referencing of results. Given the various
technologies and instrumentation available at present, these studies
should be of value in determining which method meets the needs
for specific aims. As we learn through our experiences in parallel
with the advancements in technologies and instrumentation, this
field will surely rapidly evolve within the coming years. Eventually,
we aim to have a comprehensive understanding of protein dynamics
(e.g. interaction, modification, degradation) in disease at both intra-
and extracellular levels with ultimate goals of better understanding
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pathophysiological mechanisms, which will lead to development of
new diagnostic and therapeutic techniques.
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6.1 Introduction

There have been numerous achievements over the last few decades
in the study of the molecular events associated with physiological
and pathological processes. These have been made using genomic,
transcriptomic, and proteomic approaches. It is now possible
to examine the brain, the most complex organ, using proteomic
approaches to obtain comprehensive protein profiles. Although there
areseveralissuestoaddress,includingthelackofstandardized sample
preparation techniques and proper bioinformatics tools, proteomics
is still progressing, and it has allowed researchers to compare
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protein expression patterns with the genome and the transcriptome
in various brain diseases [1]. In particular, proteomic studies of the
brain—neuroproteomics—has helped us to understand the cellular,
molecular, and functional complexity of the brain, and it can address
the dynamic organization of protein networks and macromolecular
structures [2]. The field of neuroproteomics faces special challenges
due to the complex cellular and sub-cellular architecture of the
central nervous system (CNS) [3], and the quest for biomarkers in
nervous system diseases is a crucial task for researchers [4].

With aging, the prevalence of neurodegenerative diseases,
such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and
even amyotrophic lateral sclerosis (ALS), rises sharply, and the
burden related to these diseases will increasingly challenge public
health systems. In spite of the progress made in understanding the
molecular cascades affected in CNS diseases, the pathogenesis of
neurodegeneration remains largely unknown.

In AD, pathological changes in the brain may occur as early as
20-30 years prior to the onset of clinical symptoms [5, 6]. Currently
available drugs are able to delay the symptoms and progression of
the disease and to improve the quality of life of both patients and
their caregivers [7]. Treatment should be initiated as early as possible
to provide optimal benefit, but unfortunately, the diagnosis of early
AD is difficult. Therefore, diagnostic biomarkers, which facilitate the
early diagnosis, monitoring, and prognosis of a variety of chronic
neurodegenerative processes, have long been awaited.

Classical approaches for biomarker discovery are based on
biochemical research on potential pathological processes, and on
the selection of possible candidate markers, as was the case for
B-amyloid and tau in AD, a-synuclein in PD, and TDP43 in ALS.
Besides these targeted approaches using established pathological
hallmarks, technical advances over the last decade have revealed
the potential of comprehensive multiparametric approaches for
biomarker discovery. While the data obtained from genomics may
explain why certain individuals have an increased risk of acquiring
a certain disease, there is no blueprint describing how the disease
process may be triggered later on in life. Environmental (non-gene-
mediated) mechanisms are thought to play critical roles in the onset
of disease.



Introduction

Considerable advances in recent years in human proteomic
analysis have made it possible to overcome several obstacles
hindering clinical application. In clinical practice, of utmost
importance is the source of material to be used. Biomarker sets will
help eliminate individual marker variability to achieve diagnostic
precision. Furthermore, given the overlapping neuropathological
profiles of parkinsonian dementia, ALS-associated dementia and
multisystem atrophy, a multivariate proteomic marker approach
should allow disease-to-disease comparison, making it possible
to find a common proteomic profile among AD, PD, and ALS, as
well as to determine the proteomic features that are unique to the
individual diseases, ultimately permitting a critical comparison of
these neurodegenerative diseases.

The clinical application of proteomic analysis faces a challenge in
the statistical evaluation of datasets in which combinations of single
markers are assessed using specific multivariate biomarker models.
However, due to advances in technology, the variables that can be
analyzed have increased sharply, providing enormous potential
benefits. When biomarkers begin to be analyzed with sufficient
accuracy, a single analysis might be sufficient to properly assess
pathophysiological status.

Neurodegenerative diseases are characterized by the symmetrical
loss of neurons in motor, sensory, and/or cognitive structures.
AD, PD, and ALS, among other neurodegenerative disorders, are
heterogeneous diseases with insidious and overlapping symptoms.
The clinical diagnosis is usually delayed until the advanced stage of
the disease. For AD and PD, a definitive neuropathological diagnosis
can only be made by post-mortem examination of the brain [8]. As
modern medicine can slow disease progression and alleviate clinical
symptoms, it is of utmost importance to find biomarkers that can
distinguish between the neurodegenerative diseases to permit early
treatment.

In the following section, after a concise overview of the technical
aspects of proteomics, we will review proteomic research on aging,
the different sources of samples used for clinically oriented analysis,
and the main technological approaches taken. Additionally, we will
briefly describe our attempt to overcome the different challenges
and the approaches taken for proteomic study of body fluids.
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6.2 Biological Samples

For clinical proteomics, the selection of sample material is quite
important. In principle, tissues and body fluids, as well as cultured
cells, can be analyzed. For tissue samples that are closely associated
with pathological changes, improvements in the field of laser
capture microdissection allow sampling of homogenous tissue cell
populations, but tissue harvesting requires invasive procedures.
Consequently, in neuroproteomics, post-mortem tissue samples
are usually used. In contrast, access to many body fluids requires
minimal (e.g., blood and CSF) or no invasiveness (e.g., urine).

In general, proteins in biological samples can be degraded
by proteolytic activity. Blood serum contains high proteolytic
activity that is activated immediately on clotting, resulting in rapid
degradation and the generation of proteolytic breakdown products.
Therefore, the Human Proteome Consortium (HUPO) recommends
analyzing blood in the form of plasma rather than serum and has
established a standardized sample collection protocol [9]. However,
even in blood plasma, considerable residual protease activity can be
observed, which can interfere with proteomic analysis. In contrast,
urinary proteins have been demonstrated to be stable enough for
reliable proteomic analysis [10, 11]. Fiedler et al. [12] demonstrated
the various effects of endogenous and exogenous variables on urine
peptide patterns, such as urine sampling conditions, storage, freeze-
thaw cycles, and blood/bacterial contamination. To minimize these
effects, optimal protocols for urine sampling have been designed
[13].

While unprocessed biological samples can be considered ideal
for proteomic profiling, by avoiding artifacts due to the multiple
steps of sample preparation, the presence of interfering compounds
such as protein aggregates, albumin, lipids, carbohydrates, ions is a
technical issue that remains to be overcome in sample preparation.
Consequently, we should choose the sample preparation procedure
carefully, considering that 1 additional step during preparation
can add additional artifacts to the complex system. Furthermore,
reproducibility of sample preparation is one of the most important
considerations and cannot be overemphasized.



Sample Separation

6.3 Sample Separation

Over the last decade, five different proteomic technology platforms
have been commonly used for protein separation: two-dimensional
gel electrophoresis (2DE), surface-enhanced laser desorption/
ionization (SELDI), LC-MS, CE coupled to MS (CE-MS), and protein
arrays.

In 2DE, proteins are separated according to their isoelectric point
and molecular weight. Protein identifi