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CHAPTER I

Introduction

1.1 Proteomics in the Post-Genomic Era

The availability of the human genome map [1-3] has greatly enhanced our under-
standing of the underlying biology of disease progression and response and galvanized
research in the rapidly advancing field of proteomics and biomarker discovery. Iden-
tifying, quantitating and characterizing all expressed proteins in the proteome is the
ultimate goal for a deeper understanding of disease response at a molecular level. All
genetic mutations which gives rise to disease are ultimately manifested at the protein
level. These are characterized by derangements in protein function and information
flow within diseased cells and the interconnected tissue micro-environment. Thus,
the study of proteins altered in the course of a disease holds great importance toward
realizing this goal. These changes in protein expression can not only reveal biomark-
ers for the diagnosis of diseases but also provide novel therapeutic targets for more
effective personalized cure. Moreover, such studies can reveal valuable information
about the underlying biological processes, such as perturbations in protein signaling

pathways.

Genomics or transcriptomics is a common way to study diseases such as cancer, but



recent studies point out that the correlation between mRNA and protein levels in
cells of most organisms is remarkably and unexpectedly low [4-7]. Tt implies there-
fore, that mRNA studies are less predictive of complex traits than protein studies.
Though it is too early to completely discount mRNA studies and favor protein ex-
pression profiling [8] nonetheless, proteomics offers an alternative diagnostic platform
for analysis of excreted proteins and body fluids like blood serum which is essential
for pathological applications. As such, studies in determining the protein content
of the cell are important in attempting to understand cellular processes in cancer.
Though current multidimensional separations and mass spectrometry platforms can
rapidly generate a high resolution map of the proteome, we are still far from decipher-
ing cellular functions that are maintained by proteins. The study of the proteome
poses great challenges due to its complexity and dynamic range. Though estimated
to originate from around 40,000 genes [9], there are close to an estimated 1 million
proteins in the human proteome and the dynamic range in their expression levels

exceeds 10 orders of magnitude [10, 11].

The low correlation in mRNA and protein concentration in cells is generally hypoth-
esized to result from post-translational modifications in proteins [12] which seems to
be more prevalent than previously assumed. Additionally, numerous isoforms [13]
add up to the complexity of the proteome. Proteins undergo post-translational mod-
ifications, cleavage and degradation in response to various cell signals both for main-
taining normal cellular functions as well as in response toward diseases [14,15]. In
this respect, phosphorylations are most important and are directly responsible for
regulating cellular signaling pathways in cells, where any alterations in which can

lead to cancer [16]. Glycosylations also are common and are a heterogeneous class



of PTMs playing a key role in cellular recognition which is responsible for normal
functioning in cells. Defects in glycosylation mediated signaling can also result in
disease [17]. Alternative splicing of mRNA which is the proposed mechanism by
which higher order diversity is created among proteins [18] for instance, can produce
many different proteins from a single gene. As many as 30% of the genes in humans
and other eukaryotes are thought to be alternatively spliced. Splice variant proteins
are known to display the same, opposite or completely different and unrelated phys-
iological activity. This in turn affects key non biological factors such as stability,
clearance rate, cellular localization, temporal pattern of expression, up-regulation
or down-regulation mechanisms and response to agonists or antagonists which are

critical aspects in the studies of disease progression.

1.2 Applications of Proteomics in Cancer Research

Cancer has been one of the most widely studied diseases using proteomics. Cancer
is not a single disease but an accumulation of several events, genetic and epigenetic,
arising in a single cell over a long time interval. A high priority has been attached
to the identification of these events. This can be achieved by characterizing cancer-
associated genes and their protein products. Identifying the molecular alterations
that distinguish a cancer cell from a normal cell will ultimately help in defining the
nature [19] and predict the pathologic behavior [20] of a cancer cell. It will also
indicate the responsiveness to treatment of that particular tumor. Understanding
the profile of molecular changes in cancer is extremely useful to be able to correlate
the phenotype of cancer with molecular events. Achieving these goals will provide

an opportunity for discovering new biomarkers for early detection of cancer and de-



veloping approaches for prevention. Early detection is a difficult challenge for proper
diagnosis and prevention, since in many cases, cancer is not diagnosed and treated
until cancer cells have become invasive or metastatic [21]. Early detection could
then enable effective interventions and therapies contributing to reduction in mor-
tality and morbidity. Through the course of progression of cancer, biomarkers serve
as molecular signposts of the physiologic state of the cell [22] and are therefore truly
dynamic unlike the genome. Biomarkers could prove to be vital for the identification
of early cancer and subjects at risk of developing cancer, though presently, biomark-
ers that allow precise monitoring or classification of disease are very limited. The
discovery of new highly sensitive and specific biomarkers for early detection of dis-
ease and development of personalized therapies holds the key to effective treatment
of diseases. Apart from cells and tissues, the circulatory proteome contains a rich
source of information that is helpful both in the early detection of disease state and
risk assessment [23-27]. Being easily obtainable through non invasive techniques,
biofluids are well suited for pathological applications. It is important then, that any
analytical method for the analysis of biofluids must be robust enough to deal with

the associated complexities for effective pathological applications.

1.3 The Mass Spectrometry Advantage

Current multidimensional separation and mass spectrometry based platforms for pro-
teomics can rapidly generate a high resolution map of the proteome. Though devel-
opments in separation technologies had been crucial toward attaining that capability,
the ability to progressively detect lower concentrations of proteins in biological sam-

ples has largely been brought about by the recent advances made in the field of mass



spectrometry. The applicability of mass spectrometry for the analysis of peptides as
well as large biomolecules was greatly improved through the introduction of two soft
ionization techniques, MALDI [28,29] and ESI [30,31]. Though the exact mechanism
of generation of charged analytes in MALDI is not clear, nevertheless, MALDI was
successfully introduced for the analysis of peptides and proteins commonly using a
TOF based analyzer which is suited for pulsed techniques. Peptide mass fingerprint-
ing (PMF) obtained using MALDI-TOF MS is the most common method for rapid
identification of proteins in which the pattern of peptide m/z values obtained through
MS analysis of a proteolytically digested protein is compared against a database of
theoretical fragmentations to identify the original protein. Though MALDI-MS is a
fast and efficient method capable of identifying proteins from very small amounts of
sample, it is not suitable for identifications of PTMs for which MS/MS techniques

are more suited.

Electrospray ionization (ESI) produces gas phase ions from analytes in the liquid
phase using an electric field. It also generates multiply-charged ions that not only
allow determination of accurate molecular weights but also provide the ability to
detect large molecules using an analyzer with limited mass range. Moreover it has
excellent capabilities of online interfacing with chromatographic and other various
liquid separation techniques. Online LC-ESI-MS can add another dimension to lig-
uid separations thereby increasing the peak capacities of this hyphenated technique.
Both MALDI and ESI had been effectively used for peptide sequencing where the
peptide chains are fragmented commonly using ion-neutral collisions and the m/z of
the fragments are measured and queried against a theoretically generated database

for protein identification. Recently, using nano-electrospray combined with ion traps



(IT), it had been possible to detect proteins at sub-picomolar levels [32]. Moreover,
the ability to conduct mass spectrometric analysis at MS? level make it valuable for
detection of PTMs. The use of hybrid MALDI-IT-TOF instruments on the other
hand have demonstrated the ability to obtain information on glycoprotein structures

and attain sensitivities of low femtomolar levels.

1.4 Multidimensional Separation Technologies

The advances in analytical techniques that were driven by the needs of the post-
genomic era have provided us with the ability to analyze biological samples for bio-
markers in ways never before possible. With a huge array of potential methodologies
with very unique capabilities, it is not often clear however, which of these analyti-
cal technologies or a combination thereof, will yield the most comprehensive results.
2D-PAGE has been one of the principal tools for proteomics since its inception [33].
It enabled high resolution separation of proteomes where the spot patterns between
two or more samples could be compared for differences and analyzed thereafter us-
ing mass spectrometry [34,35]. However, despite its resolving power, 2D-PAGE has
significant limitations with respect to throughput, reproducibility, mass resolution
and dynamic range, making it far from an ideal tool for biomarker discovery. Also,
large amounts of manual labor involved in this method make it difficult to auto-
mate. Alternative liquid based multidimensional separation technology has been
used effectively as a means for fractionating and purifying protein fractions. This
technique is easily adaptable to mass spectrometry and several preparative as well
as analytical scale separation methodologies have been used to study various bi-

ological samples. Besides the applicability in top-down approaches, this technique



makes possible bottom-up analysis where whole cell lysates are digested and the pep-
tide mixture is separated and analyzed using mass spectrometry. Commonly used
bottom-up approaches or MudPIT use strong cation exchange followed by reversed
phase separation to fractionate the peptide mixture [36]. Alternative 1-D separation
of complex peptide mixtures using a long reversed phase capillary HPLC column
can also be performed [37], but in general, protein identifications obtained through
bottom-up methods have high false positive rates since they are identified using too
few peptides [37]. The most important aspect though, is the loss of valuable in-
formation at the protein level unlike in top-down approaches where intact proteins

are digested separately so that in-depth mass spectrometry based analysis is possible.

1.4.1 Liquid Chromatography

The most widely used fractionation technique applied for top-down proteomics uses a
2-D separation method where chromatofocusing (CF) [38] is used in the first dimen-
sion and nonporous reversed phase (NPS-RP) HPLC is applied for separation in the
second dimension. CF is performed on a silica based weak anion exchange column
where proteins are loaded on the column at a higher pH and then eluted gradually
using a low pH buffer. The mixing of the two buffers during elution creates a pH
gradient inside the column eluting out proteins in the order of decreasing pl. This 2-
D LC separation scheme has been successfully applied for the study of human cancer
and bacterial cells where proteins were identified using ESI-TOF and MALDI-TOF
MS based techniques [39-41]. The intact MW of the proteins can also be used to
create virtual 2-D maps resembling gels which can then be used for interlysate com-
parisons. Unlike in gels, the experimental conditions for 2-D LC can be maintained

easily so as to produce highly reproducible maps. The use of non porous silica in the



second dimension reversed phase column eliminates irreversible protein binding to
the stationary phase thereby providing higher recovery. A short column packed with
such nonporous silica C18 material enables fast separations and provides sufficient
peak capacity to reliably fractionate pH fractions obtained using chromatofocusing.
One disadvantage of CF with respect to gels is the pH limitation associated with the
usage of silica based stationary phase. CF performed using columns with polymeric
stationary phases on the other hand are free from such limitations. Since the 2D-LC
fractionated proteins are obtained in intact form, they can also be collected off-line
for characterization of PTMs. Typically collected protein fractions are digested and
subjected to MALDI-TOF MS. Due to a number of factors associated with sample
preparation that affect MALDI ionization and sensitivity, ESI-MS/MS is commonly
performed to verify protein identifications. Also proteins are commonly subjected to
ESI-MS/MS analysis to obtain information about sequence variations and modifica-
tions because the peptide sequence coverage obtainable from MALDI-MS analysis is
usually low. The sensitivity levels offered by ESI-MS/MS can be greatly enhanced

when interfaced with liquid chromatography at very low flow rates.

1.4.2 Capillary Electrophoresis

Capillary Electrophoresis (CE) separation is based on differential migration of an-
alytes that arises from the differences in electrophoretic mobility [42] determined
by charge, size and shape of the ions in the liquid phase [43]. CE demonstrates a
very high separation efficiency where electroosmotic flow (EOF) caused by an electri-
cal double layer formed at the stationary/solution interface inside a silica capillary,
generates a uniform flow profile across the cross-section and length of the capillary

minimizing band broadening. Capillary electrophoresis separations can have several



hundred thousand theoretical plates. The efficiency of CE separation is only limited
by diffusion and is proportional to the strength of the electric field. Applying a high
voltage during CE separation also helps achieve high speeds in separation of complex
peptide mixtures so that a typical separation can be completed in a few minutes.
The problem though with fast separations is the introduction of Joule heating from
high voltage which can adversely affect peak resolution and separation efficiency. For
proteomic applications, CE is normally applied on samples that had been separated
in one or more dimensions using isoelectric focusing, capillary gel electrophoresis and
other methods [43]. The slow flow rate of CE had been successfully applied in inter-
facing it with mass spectrometry using electrospray ionization as well as MALDI [44].
CE-MS had been applied for both identification [45] and characterization of impor-

tant modifications [46-48] in biological samples.

Despite the excellent resolution and speed of CE, it has exhibited several problems
when interfaced with ESI-MS. When CE is used for MS analysis in positive ion mode,
applying a low pH condition to generate the ions, the inner capillary wall must be
modified to minimize interaction between negatively charged silanol groups and the
positively charged analytes [49]. A dynamic coating procedure based on adsorption
as described in Chapter V does not provide sufficiently long lifetime. The unstable
EOF at low pH gives poor reproducibility in analyte migration times and poses a
serious challenge when comparison of several runs becomes necessary. The interfac-
ing of CE to MS is also complicated. Sheathless flow has been utilized in the work
in Chapter V to obtain maximum sensitivity by preventing sample dilution and as-
sociated reduced sensitivity which occurs when make-up flow is used in sheath-flow

interfaces [50]. The sheathless interface created by attaching an emitter at the end
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of the separation column is prone to detachment on contact with liquid phase col-
umn effluent making it difficult to maintain a closed circuit in the CE-ESI setup.
Moreover, analyte samples must be highly purified to avoid interruption of voltage

gradients from column clogging.

1.4.3 Monolithic Capillary HPLC

HPLC separations using monolithic capillary columns prepared with either silica or
other polymers [51-54] provides with an alternative method for separation of peptides
in protein digests with a very high efficiency comparable to that of CE. Monolithic
LC is an emerging separation method which has been successfully applied to the
analysis of biomolecules including nucleic acids, RNA, proteins and peptides [55-57].
Monolithic capillary LC columns provide unique characteristics of high speed, high
resolution, high efficiency and high recovery rates because of fast mass transfer ow-
ing to lack of interstitial space [58]. These separation qualities are comparable to
that of CE. Monolithic capillary HPLC moreover, allows for higher loading capacity
and is a much simpler technique to interface with ESI-MS, thus providing a highly
robust, rugged and reproducible analysis tool. Polymer-based monolithic columns
have higher stability at extreme conditions [59] and have also been used for analysis
of phosphorylations using alkaline solvent systems for detection with MS in negative
ion mode [60]. Monolithic capillary LC has also been applied for separations utilizing
affinity chromatography techniques [61,62] and as support material for enzymatic di-
gestions [63] apart from more common applications in quantitative analysis of human
serum proteins [64] and in peptide mapping [65]. Monolithic capillary based separa-
tion is an ideal technique when analysis on a small amount of sample is desired. The

high recovery rate can provide better sensitivity for very low sample amounts.
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1.5 Microarray Technology

A concerted effort by scientists and engineers from many different fields helped de-
velop DNA microarrays, a key technology in the field of genomics that made possible
the monitoring of expression levels of all genes in an organism simultaneously [66-70].
The key element in this new technology was the development of surface based assays
in which numerous probes are immobilized in a spatially addressable manner [71].
Such array formats were suitable for miniaturization and multiplexing. Though the
concept of microarrays was first introduced in 1989 [72], the term ‘microarray’ was

not used widely till much later [73,74].

The principle of miniaturized ligand binding assay was first described by Ekins et
al. almost two decades ago [72] who argued that a miniaturized assay with ‘mi-
crospots’ of immobilized capture molecules on solid phase would be more sensitive
than conventional macroscale methods. Although the amount of capture molecules
present in a ‘microspot’ is low, a high density of molecules can be obtained. Due
to a limited number of capture molecules, only a small number of analyte molecules
can be captured during an assay procedure so the concentration of free analyte in
the solution is not changed much by the binding reaction. This phenomenon termed
‘ambient analyte condition’ ensures high sensitivity [72]. Since the analyte molecules
are confined to a very small area, microspot assays result in a much higher sensitiv-
ity compared to other 96-well plate based macro assays. As a result, femto-molar
concentrations of antigens could be easily detected [75]. Miniaturization also allowed

for parallelization which in combination with higher sensitivity provided microarrays
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with an enormous potential in diagnostic applications.

Technologies established for DNA chips were adapted for microarray based research.
Although DNA microarray provided the leads in the development of protein microar-
rays, the methodology for the latter were significantly different. The main reason
for this is the tendency of proteins to undergo denaturation and exhibit nonspecific
binding. Miniaturization made these issues more complex, since the surface to vol-
ume ratio increases dramatically when the volume of a sample spot is scaled down.
Despite these difficulties, important advances in methods and technology enabled

the use of protein microarrays for various applications.

Initial reports demonstrated the feasibility of antibody microarrays using a vari-
ety of methods that had included spotting on membranes [76-79], derivatized glass
slides [78,80-82] and hydrogels [83,84] and detection of bound antibodies using ra-
dioactive isotopes [76], fluorescence [80-84] and chemiluminiscense [78, 79, 84, 85].
These kinds of experiments utilizing the protein microarray format could be broadly
categorized into two classes - direct labeling experiments, and dual antibody sand-
wich assays. In the direct labeling method, all proteins in a complex mixture are
covalently labeled with a fluorescent tag. After incubation on an antibody microar-
ray, the tag provides a means of detecting the bound proteins. The signal from
the bound proteins can also be amplified using suitable tag chemistry. In the sand-
wich assay, proteins captured on an antibody microarray are detected by a cock-
tail of detection antibodies. The detection antibodies are in turn detected through
fluorophore-labeled secondary antibodies. The disadvantage of direct labeling ex-

periments is the potential for high background since all proteins are labeled so the
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sensitivity achievable is not very high.

1.5.1 Applications in Diagnostics

Protein microarray immunoassays offer an attractive alternative when several para-
meters of a single sample have to be analyzed in parallel, such as in allergy [86,87] or
autoimmune diagnostics in which patient sera needs to be screened for a number of
different auto antibodies [78,88]. Auto antibodies toward immobilized auto antigens
used as diagnostic markers for autoimmune conditions can be accurately determined
from less than 1 uL of patient serum. This reflects the enormous potential of pro-
tein microarrays employed to study the humoral response against a large number
of antigens. Microarrays have also been successfully used to detect the presence of
specific IgG and IgM antibodies directed against parasitic and viral antigens [89-91].
The analytical sensitivity of these assays were similar to those obtained using stan-
dard ELISA technology [89]. Sandwich immunoassays were therefore adapted to the
microarray format [85,92,93] creating highly specific and sensitive protein microar-
rays which were capable of quantifying many different cytokines from patient sera.
However the parallelization of sandwich immunoassays has limitations from cross re-
activity of certain detection antibodies making the routine use of highly multiplexed

sandwich immunoassays difficult.

Despite the problem with antibody cross reactivity which limits the scope of cer-
tain experiments when compatible antibodies are unavailable, the potential of array
based proteomic approaches is enormous [94,95]. Protein microarray technology had
been used to simultaneously determine levels of large numbers of target proteins us-

ing comparative methods [96] where the array bound proteins are usually detected
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using biotin-based signal amplification [97]. Protein microarrays were also applied
to discovery of diseases and tumor markers [98]. These approaches reflect the power
of antibody microarrays in determining changes in protein expression in a single ex-

periment.

Protein microarrays also offer the opportunity to study protein-protein interactions
by immobilizing purified recombinant proteins. Purified proteins, enriched protein
fractions or complete cell lysates had been used for interaction assays [99]. These
experiments demonstrated the stability of microarrays to screen for protein-protein
interactions at a proteome wide level [100-103] and similar approaches could be
applied to study protein-drug and protein-lipid interactions which were difficult to

study using other approaches.

1.5.2 Reversed Phase Microarrays

In contrast to the techniques described above, cellular lysates prepared from cultured
cells or tissues can also be immobilized on a microspot and screened with specific
antibodies for the presence of defined target proteins. Characteristic features of re-
versed phase microarrays include high linearity and excellent sensitivity. The biggest
advantage is that the samples need not be labeled [104]. Reversed phase arrays can
use denatured lysates so that the retrieval of antigens do not pose problems. Non
denatured lysates can also be used to identify the target protein of interest as well
to elucidate protein-protein, protein-DNA and/or protein-RNA interactions. The
samples arrayed in dilution series can provide an internal standard and direct quan-
titative assessments can also be made by including several positive and negative

controls and internal calibration standards. Because measurements lie within the
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linear dynamic range of the antibody-analyte interaction at any given point in the
dilution curve [105], direct quantitative measurements can be made using reverse
phase microarrays. Rather than arraying cell lysates, where the identity of the bind-
ing protein to an antibody probe is difficult to ascertain, fractionated lysates offer a
remarkable methodology where multidimensional L.C fractionated cellular or tissue
lysates provide purified proteins for spotting on to the array [106]. Though numerous
methods had been used for obtaining proteins for the purpose of spotting [92,99,107],
2-D LC fractionation provides the most robust technique thus far. This method has
the advantage associated with obtaining proteins with biologically relevant PTMs

that is difficult to obtain using other means.

The use of protein microarrays allows the measurement of several parameters in one
reaction. For systems like autoimmune or humoral response assay, the degree of
multiplex achievable is limited to the number of antigens available. The sensitivity
of such systems is high and so the amount of serum required can be <1 uL. Autoim-
mune assays work with serum dilutions of 1:200 to 1:1000. Nevertheless, we should
keep in mind that the results obtained with antibody microarrays must be verified
and confirmed since some antibodies exhibit strong cross reactivity. In addition,
proteins are often assembled in multi-protein complexes. Thus a strong signal on a
microspot can result not only from the presence of a large number of target mole-
cules but also from the nonspecific capture of a labeled dye molecule or antibody.
Standard methods such as immuno-histochemical staining and immunobloting are

commonly used for validation.
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1.5.3 Analysis of Post-translational Modifications

As described earlier is Section 1.1 protein post translational modifications specifi-
cally phosphorylation is critical in maintaining cellular functions, and methodologies
for sensitive and accurate phosphoprotein analysis are very essential. Though the
undeniable strengths of large scale mass spectrometry based approaches cannot be
ignored, protein microarrays offer a complementary but faster and more sensitive
method for detection of protein modifications. Sandwich assays have been applied
successfully for large scale phosphoprotein analysis. Techniques like probing an-
tibody spotted arrays with cellular lysates followed by detection using fluorophore
conjugated anti-phosphotyrosine antibodies [108] had not been very popular owing to
the difficulties in generating specific antibodies but holds great promise for in-depth
analysis. Using such methods and using only nanogram quantities of total protein
extracts, a ratio metric study could be conducted to obtain differential phosphory-
lation patterns. Alternative reversed phase protein microarray methods have relied
on anti-phosphoprotein antibodies, but the drawback is the ‘ligand problem’ which
revolves around the unavailability or inability at synthesizing high quality antibodies
so as to eliminate non-specific interactions [109]. Recent developments in alternative
dye based modification detection arrays [110] have received much attention and work
presented in this thesis describes methodologies using the dye-based approach for dif-
ferential detection of phosphorylations across cellular proteomes. Other PTM detec-
tion methodologies eg. glycoprotein microarray strategies employing lectins [111,112]
had also been applied for biomarker discovery using 2-D LC fractionated cell lysates.
These applications serve to present protein microarrays as an efficient platform for

proteome wide PTM discovery and quantitative detection.



17

Since traditional PTM detection relies on immunoassay based techniques the limits
of detection are dictated by antibody recognition chemistry and nonspecific complex-
ation with fluorophores may give rise to false positives. As a result, alternative mass
spectrometry based detection strategies [109] using isotope-labeling techniques had
been proposed [113], however, it cannot be applied to protein-detecting arrays. In-
vivo protein labeling followed by direct MS can be a better alternative which needs

to be explored further.

1.6 Molecular Concept Modeling

The power of microarray based approaches lie in the ability to provide genome or
proteome wide expression patterns otherwise impossible to obtain. Experiments us-
ing this ability had largely focused on the differential expression of disease related
biomarkers but recently, construction of disease response pathways had been demon-
strated [114]. This methodology uses an analytical framework for exploring the
network of relationships among a growing collection of ‘molecular concepts’, or bio-
logically related gene sets [115]. As a result, visualization of disease specific signaling
networks has become possible. This not only opens up a new dimension in disease
classification and diagnosis but also demonstrates the versatility of microarray based
parallel techniques. Work described in this thesis demonstrates the use of the MCM
technique for generating protein signaling networks and associated applications in
cancer diagnosis. The inclusion of protein modification information in this analyti-

cal model would provide us with a truly versatile technique.



18

1.7 Statement of Research

This thesis discusses research in multiplexed high-throughput proteomic approaches
to identify molecular signatures of cancer and post translational modifications in
cell-line and tissue proteomes. 2-D LC fractionated human breast cancer SUM-52PE
cell-line, pancreatic cancer Panc-1 cell-line and prostate cancer tissue have been used
in the work described in Chapters II, III and IV respectively to generate protein
microarrays which were then used for phosphorylation detection or autoantibody re-
sponse mapping. Chapter II demonstrates the use of a small molecule phosphoprotein
dye for global phosphoprotein detection. Around 100 differential phosphorylations
were detected and differentially phosphorylated proteins were identified using ESI-

TOF MS and MALDI-TOF MS, the later employing a modified MALDI matrix.

Chapters I1I and IV discuss autoantibody response based methods for biomarker dis-
covery and disease response pathway discovery respectively. Panc-1 cell-lines were
used in the biomarker discovery experiment since pancreatic cancer poses a challenge
for early detection and diagnosis. nESI-LC-MS/MS was used for protein identifi-
cation and glycosylation patterns were obtained using lectin microarrays to study
possible correlations with autoantibody response. Chapter IV presents the use of
bioinformatics using a molecular concept modeling based method for obtaining dis-

ease progression pathways in prostate cancer.

Chapters V and VI presents monolithic capillary HPLC based techniques for ana-
lyzing peptides and proteins providing high sequence coverage and sensitivity. High

sequence coverage is essential for detecting reliable identification of proteins and iden-
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tifying PTMs. Applying the monolithic LC based method, several modifications in
MFC10A derived human breast cancer cell lysates were detected and characterized

using ESI-TOF MS and MALDI-TOF MS.

Lastly, Chapter VI describes a hyphenated technology where monolithic LC sepa-
ration of intact proteins from human esophageal tissue samples was combined with
on-plate digestion and MALDI-MS based protein identification. This work describes
a method which retains the advantages of top-down proteomics and at the same time

uses automation to increase throughput.
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CHAPTER II

Differential Phosphoprotein Mapping in Cancer Cells Using
Protein Microarrays Produced from 2-D Liquid
Fractionation

2.1 Introduction

Phosphorylation is one of the most common posttranslational modifications found
for proteins. Phosphorylation and dephosphorylation of proteins is intimately con-
nected to the signaling pathways in the cell. Initial changes in phosphorylation
of a receptor usually result in large numbers of changes in protein signaling path-
ways downstream typically associated with major changes in cellular function [1-5].
As such, alterations in phosphorylation are highly correlated to new pathways that
lead to oncogenesis [6]. It becomes essential then to be able to monitor changes in
phosphorylation patterns on a global scale in order to identify the critical proteins

involved in cell-cycle regulation related to cancer onset and progression.

A number of techniques have been used to detect phosphoprotein expression in cells
on a global scale [7-9]. In one approach, cells were incubated with radioactive 3P
and then detected following 2-D gel electrophoresis [9]. This method however, re-
quires the handling of radiolabels and the identification of phosphoproteins with slow

turnover rates, which only incorporate small amounts of radioactive phosphate lead-
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ing to poor detection. Monoclonal and polyclonal antibodies have also been used to
detect phosphorylated proteins blotted onto membranes. In particular, changes in
signal transduction pathways stimulated using platelet-derived growth factor were
studied using anti-phosphotyrosine antibodies [10-12]. Changes in tyrosine phos-
phorylation could be monitored as a function of time, and large numbers of proteins
involved in different signaling processes were observed. This method has been proved
to be very sensitive with only a few femtomoles of the target required for detection.
However, antibodies for detection of phosphorylated threonine and serine are still
unreliable, and phosphorylated antibodies may not detect certain phosphorylated
proteins due to steric hindrance [13]. Analytical mass spectrometry based methods,
more specifically shotgun proteomics [14, 15], have been developed for monitoring
phosphorylation as well. Protein digestion followed by MS/MS analysis of the result-
ing peptides can identify proteins in complex mixtures after comprehensive database

searching [16-20].

In more recent work, ultrasensitive detection of small amounts of phosphorylated pro-
teins has been achieved using a small molecule phosphosensor dye technology [21,22].
This phospho-sensitive dye was capable of quantitatively detecting phosphotyro-
sine, phosphoserine and phosphothreonine on a global scale. It has been used di-
rectly on 2-D gels and also in a microarray format on a variety of surfaces for
monitoring substrates of kinase reactions. This has been shown to be a universal
method for detection of phosphorylation, which could further discriminate against

thio-phosphorylation and sulfation.

It is clear, however, that any global screening of cellular protein expression must em-
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ploy methods that can readily separate large numbers of proteins and be amenable to
the various techniques possible for phosphoprotein detection. 2-D gel electrophoresis
has generally been the technique of choice, but the disadvantages of 2D gel technol-
ogy are well known [23]. New methodologies for comprehensive protein expression
will need to be explored. More recently, we have evaluated microarray formats as
a high throughput screening method for studying global protein expression [24,25].
This format could potentially provide a convenient platform for monitoring not only
changes in protein expression but also the effects on protein modifications as a func-

tion of time and specific kinase activity.

In the present work, an all-liquid 2-D separation method has been explored to map
the protein expression of a cell lysate for differential protein expression to study
changes in phosphorylation patterns. This method uses chromatofocusing to frac-
tionate proteins in a first dimension based on their pl, followed by nonporous silica
RP-HPLC separation of the pl fractions to further fractionate proteins based on
their hydrophobicity [26]. The method provides a means of separating large num-
bers of proteins in the liquid phase, as expressed in the cells, for deposition on a
microarray surface [27]. The resulting protein microarray could be used to study
global protein expression using fluorescent phospho-sensor dyes or phospho-specific
antibodies. Specifically, the method has been used for differential protein expres-
sion to study changes in phosphorylation patterns in the human breast cancer cell
lines SUM-52PE before and after inhibition of the fibroblast growth factor receptor 2
(FGFR2) protein [28]. The method provides a new and convenient means for protein
identification and phosphorylation site searching by mass spectrometry where each

microarray spot can be matched to the original vial (fraction) containing the purified



28

protein in the liquid phase.

2.2 Experimental

2.2.1 Chemicals

Methanol, ACN, urea, thiourea, iminodiacetic acid, DTT, OG, glycerol, bis-tris,
TFA, PMSF, and (-mercaptoethanol were obtained from Sigma (St. Louis, MO).
Water was purified using a Milli-QQ water filtration system (Millipore, Inc., Bed-
ford, MA) and all solvents used were HPLC grade unless otherwise specified. The
reagents used were in the most pure form commercially available. Polybuffer 74 and
Polybuffer 96 were purchased from Amersham Pharmacia Biotech (Piscataway, NJ).
Pro-QQ Diamond phosphoprotein gel stain and Pro-Q Diamond phosphoprotein gel
destaining solution were obtained from Molecular Probes (Eugene, OR). Blocklt 1X
blocking buffer and Arraylt 2X printing buffer were obtained from Telechem Inter-
national, Inc. (Sunnyvale, CA). 1X PBS and ultrapure DNase/RNase free distilled
water were obtained from Invitrogen (Carlsbad, CA). Anti-phosphotyrosine antibody
4G10 clone was obtained from Upstate (Charlottesville, VA), Cy5-conjugated sec-
ondary antibodies were obtained from Jackson ImmunoResearch Lab (West Grove,

PA).

2.2.2 Sample Preparation
Cell Culture

SUM-52PE is a human breast cancer cell line isolated from a patient’s pleural effu-
sion and developed in the Ethier laboratory [28]. The SUM-52 cells were cultured

in Ham’s F12 medium under serum-free conditions. The medium was supplemented
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with 0.1% BSA, 0.5 pg/mL fungizone, 5 pug/mL gentamicin, 5 mM ethanolamine,
10 mM HEPES, 5 ug/mL transferrin, 10 uM T3, 50 uM selenium, 1 pg/mL hydro-
cortisone and 5 pg/mL insulin. All cell culture reagents were obtained from Sigma

Chemical Co. The SUM-52PE cells were exposed to 1 uM PD173074 for 24 hr, and

untreated cells received DMSO as a vehicle control.

SUM-52PE Cell Lysis

Cell pellets were reconstituted in lysis buffer consisting of 7 M urea, 2 M thiourea,
100 mM DTT, 0.5% biolyte ampholyte 3-10, 2 % OG, and 1 mM PMSEF. The cell pel-
lets were lysed at room temperature for 0.5 hr, followed by centrifugation at 35,000

rpm at 4°C for 1 hr. The supernatant was stored at -80°C for future use.

Sample Preparation for Chromatofocusing

A PDI10 column (Amersham Biosciences) was equilibrated with a buffer solution
containing 25 mM bis-tris in 6 M urea and 0.2% OG and then used to exchange the
cell lysate from the lysis buffer to the above buffer according to the manufacturer’s

protocol.

Chromatofocusing of the SUM-52PE Cell Lysate

A schematic of the experimental apparatus used in this work is shown in Figure 2.1.
The liquid separations were performed on the ProteomeLab PF-2D liquid fractiona-
tion system (Beckman-Coulter). A 5 mg sample of cell lysate was loaded on to the
first-dimension column. The start buffer consisted of 6 M urea, 0.2% OG and 25

mM bis-tris, adjusted to pH 8.5 using IDA. The elution buffer consisted of 6 M urea,
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0.2% OG and a 10-fold dilution of Polybuffer 96 and Polybuffer 74 in a ratio of 3:7,
the pH adjusted to 4.0 using IDA. A PS-HPCF 1D column (Beckman-Coulter) was
equilibrated with the start buffer until the pH of the efluent was the same as that of
the start buffer. Sample was applied to the column with multiple injections. Once a
stable baseline was achieved, the elution buffer was switched on to elute the proteins
on the column in an isocratic mode. UV detection was performed at 280 nm, and
the pH of the effluent was monitored using a flow-through on-line pH probe. The pH
fractions were collected in 0.3 pH intervals and 15 fractions in all were taken over the
range of pH 8.5-4.0. The CF separation was completed when the pH of the effluent
reached 4.0. A 1 M NaCl solution followed by 100% IPA were then used to elute the

strongly binding proteins as salt wash and IPA wash fractions respectively.

2.2.3 Reversed-Phase HPLC on plI Fractions

RP-HPLC separation was performed using PS-HPRP 2D (4.6x33 mm) columns
(Beckman-Coulter). Solvent A was 0.1% TFA in water and solvent B was 0.1% TFA
in acetonitrile. The gradient was run from 5 to 15% B in 1 min, 15% to 25% B in 2
min, 25% to 31% B in 2 min, 31 to 41% B in 10 min, 41 to 47% B in 6 min, 47 to 67%
B in 4 min, finally up to 100% B in 3 min, held for another 1 min, and then back to
5% B in 1 min at a flow rate of 1 mL/min. The column temperature was 40°C higher
than the ambient temperature. The UV absorption profile was monitored at 214 nm.
RP fractions were taken using a FC204 fraction collector in 96-well plates. Using a
SpeedVac at 75°C, the fractionated proteins were dried down to 20 pL. volume and
transferred to a 384-well plate after which they were dried down completely. More
than 2000 fractions were obtained after the 2-D separation and around half of these

fractions from each cell line were used for spotting on the array. The dried protein
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fractions (plates) were stored at -80°C until further use.

2.2.4 Protein Microarrays

A 3 uL sample of a 1:1 mixture of PBS and printing buffer was added to each well us-
ing a multipipet. Printing was done on super-epoxy slides (TeleChem International)
using a Magna Spotter microarray printer (Bioautomation) and SMP4 microarray
spotting pins (TeleChem Int). Using these pins, the uptake volume was 0.25 pL. and
the delivery volume was 1.1 nL, resulting in spot diameters of 135 ym. A minimum
spot spacing of 160 pum can be achieved and 2300 spots per 1x3 in. slide can be
printed. After spotting, the slides were stained with Pro-Q Diamond phosphoprotein
gel dye (Molecular Probes) for 45 min. Destaining was performed three times for
10 min each using destaining solution from Molecular Probes. After destaining, the
slides were washed with DNase- and RNase-free water for 10 min and then left to
dry. For the antibody detection, the slides were washed 5 times for 5 min each in 1X
PBS and incubated with 1:750 anti-phosphotyrosine antibody for 3 hr. The slides
were then washed three times with 1X PBS-T and twice with 1X PBS for 5 min each.
After washing, the slides were incubated with 1:1000 Cy5-conjugated secondary an-
tibody for 1 hr following which they were washed three times in 1X PBS-T and 1X
PBS for 5 min each. The slides were then rinsed with 1X PBS and dried by cen-
trifuging for 1 min on a microarray high-speed centrifuge (Telechem Int.). All steps
following the staining with Pro-QQ Diamond dye were performed in the dark under
aluminum foil wraps. Both antibody solutions above were prepared in 1:1 Blocklt
buffer and 1XPBS. Hybridization chambers were used for antibody incubation, and
a minirotator (Geneq Inc., Montreal, Canada) was used for all the washing and in-

cubation steps. Scanning was done using an Axon 4000A scanner, and GenePix Pro
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3.0 software was used for data acquisition and analysis.

2.2.5 Protein Digestion

The targeted UV peak in the second dimensional RP-HPLC chromatogram, which
showed a positive response to the phospho dye, was collected and dried down to
eliminate ACN and TFA. 1 M NH,;HCO3; and 10 mM DTT were then added to a
final concentration of 100 mM and 1 mM respectively, and incubated at 60°C for 15
min. Trypsin was then mixed with the denatured proteins at the ratio of 1:50. The

mixture was incubated at 37°C for 24 hr.

2.2.6 Enzymatic Dephosphorylation

After completion of the proteolytic cleavage, the samples were divided into two equal
parts. The enzymatic dephosphorylation step [29] was performed by treating one part
with 5 units calf alkaline phosphatase reconstituted in 25 mM NH,HCOj3 buffer (pH
8.0). The mixture was incubated at 37°C for 2 hr, and 2.5% TFA was added to stop

the enzymatic reaction. The other part was treated as a control.

2.2.7 Matrix Preparation and Spotting

In preparation for MALDI-MS, the samples were first aspirated using Zip Tips, and
then 1 uL of the eluent was mixed with an equal volume of CHCA matrix solution
prepared in 60% ACN/0.1% TFA and spotted on a MALDI plate. Once the spot

dried, 1 pL of 9:1 THAP/DAC matrix solution [30] prepared in 60% ACN/0.1% TFA

was applied on top. The spot was allowed to dry slowly afterward.
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2.2.8 Protein Identification by MALDI-MS

MALDI-TOF MS (Micromass Inc. TOFSpec2E) was used to generate peptide mass
fingerprints and then searched for registered peptide masses of proteins in the exist-
ing SwissProt database. The peptide map database search was also used to initially
confirm the possible presence of a phosphorylation site. To verify and locate the
phosphorylation sites on the proteins, MALDI-MS spectra of the phosphorylated

(control) and the dephosphorylated samples were compared.

2.2.9 MW Determination by ESI TOF-MS

An ESI TOF-MS (Micromass Inc. LCT) was used for determination of intact protein
molecular weights. The intact molecular weights from the LCT and the PMF ob-
tained from the MALDI-TOF MS analysis provided the complete identification of the
proteins in the fractions of interest. Fractions from the second-dimension RP-HPLC
analysis for LCT were first dried down using a SpeedVap and then reconstituted
in 60% ACN with 2% FA. The samples were directly infused at 10 gL /min using a
syringe pump. A desolvation temperature of 150°C and source temperature of 100°C
was used. Nitrogen gas flow was maintained at 400 L/hr. The capillary voltage was
set at 3200 V, the sample cone voltage at 35 V, the extraction cone voltage at 3
V, and the reflection lens voltage at 750 V. One mass spectrum was acquired every
second. The intact molecular weight was obtained by deconvolution of the spectra

using the MaxEnt1 software (Micromass Inc.).
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2.2.10 LC-MS/MS

The tryspin-digested samples were analyzed by reversed-phase chromatography us-
ing a 0.075x150 mm C18 column attached to a Paradigm HPLC pump (Michrome
Bio Resources). Peptides were eluted using a 23 min gradient from 5 to 95% B
(0.1% FA/95% ACN), where solvent A was 0.1% FA/2% ACN. A Finnigan LTQ
mass spectrometer (Thermo Electron Corp.) was used to acquire the spectra, the
instrument operating in data-dependent mode with dynamic exclusion enabled. The
MS/MS spectra on three most abundant peptide ions in full MS scan were obtained.
All MS/MS spectra were analyzed using the MASCOT search tool against the com-

posite, nonidentical protein sequence database MSDB.

2.3 Results and Discussion

SUM-52PE cells highly overexpress FGFR2 at both the message and protein lev-
els. There are nine alternatively spliced isoforms of FGFR2 expressed by the SUM-
52PE cells [28]. The isoforms differ in the number of immunoglobulin-like domains,
the presence or absence of the acid box, and the carboxyl terminal region. The
SUM-52PE cells display the transformed phenotypes of growth factor-independent
growth and the ability to grow under anchorage independent conditions and inva-
sion. PD173074 is a small molecule kinase inhibitor against the FGFR family [31].
PD173074 blocks the phosphorylation of FGFR2, as well as the downstream signaling
components of the MAP kinase and PI3 kinase pathways [32]. The PD compound

also inhibits SUM-52PE cell growth in monolayer and in soft agar [28].

The cell lysates of SUM-52PE and SUM-52PE inhibited by PD173074 were separated
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using the 2-D liquid separation method, and protein maps were obtained using the
Beckman Coulter ProteoVue Software suite for each of the cell lines. A comparison
of the two cell lines before and after inhibition is shown in Figure 2.2 in differential
display format (using DeltaVue from Beckman Coulter) for two different pH regions.
In Figure 2.2, the protein profile for SUM-52PE is displayed in green and that for
the inhibited cell line is shown in red. The differential display in the center lane
shows that there are proteins that are up- and down-regulated following inhibition
of the SUM-52PE cell line. This might be expected since inhibition of the FGFR2
growth factor results in changes in protein pathways that would change the protein
expression in the cell. Nevertheless, most of the proteins observed are similar in the

SUM-52PE before and after inhibition.

Each of the protein bands were collected in the liquid phase following 2-D liquid
fractionation and spotted on the protein microarray as described above. Each array
spots can be associated with a protein band collected during the 2-D liquid separa-
tion. The array is then stained with the Pro-QQ Diamond phospho-dye to screen for
the presence of phosphorylation on the different protein spots. The result is shown
in Figure 2.3 for an array cluster with three pH fractions where several spots are
clearly lit up by the dye when scanned by the 532 nm excitation source indicating
the presence of phosphorylation. The microarray image of Figure 2.3 reveals the
limited quality of the spot printing using the contact printer on glass slides. The
method, however, does allow one to identify phosphorylated proteins on a global

scale using only a limited amount of material.

The result of a differential phosphoprotein array for proteins printed from a single
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pH range is shown in Figure 2.4. Each pair of arrays compares the SUM-52PE cell
line before and after inhibition of FGFR2. The arrows that point to pairs of protein
spots clearly identify proteins that are phosphorylated in the SUM-52PE cells under
control conditions but not so following treatment with the inhibitor in response to
changes in phosphorylation pathways due to inhibition of the FGFR2. Of the nearly
1000 protein bands printed on the array for each cell line, there were at least 50
proteins showing changes in the state of phosphorylation due to inhibition. In many
cases, the protein spot is lit up on one array but not the other, indicating that the
protein is phosphorylated in one cell line but not the inhibited counterpart. In other
cases, the protein spot is lit up, but the quantitative degree of excitation may change,
indicating a different degree of phosphorylation between the two cell lines. There
are also some spots that remain unchanged, indicating that these proteins are not

involved in the FGFR2 signaling pathway.

It should be noted in Figure 2.4 that the corresponding spots in the arrays for the
two cell lines may not contain the same protein. The spotting process is performed
according to the 2-D liquid fractionation of protein bands. There are several bands
that appear in one cell line but not the other so that the number of protein peaks in
each pH fraction is different. The corresponding peaks in the arrays for the two cell
lines can be matched using the %B on the chromatographic gradient and then by us-
ing MALDI-TOF MS of the protein digests to verify that they are the same proteins.
The use of MALDI-TOF MS for definitively matching the protein spots is essential
since phosphorylated proteins often show pH shifts, which can significantly shift the

position of the spot on the array. These shifts would likewise be observed on 2-D gels.
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The use of protein arrays with the Pro-QQ dye, which is selective toward phosphoryla-
tion, allows one to rapidly detect the presence of phosphorylation in specific proteins.
This eliminates the need to perform detailed analysis on a large number of proteins,
thus simplifying the problem of studying differential phosphorylation in biological
systems. It is essential, though, to perform detailed mass spectrometric analysis
of the proteins selected as candidates to establish the identity of the protein and
to confirm changes in phosphorylation as outlined in Figure 2.5-2.8. An important
aspect of this work is that each spot on the array can be correlated to the original
protein well from which it was spotted for further analysis. MALDI-TOF MS on the
tryptic digest of proteins was initially performed for identification and confirmed by

LC-MS/MS.

When using the matrix CHCA, the negative charge on the phospho groups make
the phosphopeptides difficult to detect in positive ion mode. THAP, a less acidic
matrix, has been demonstrated to enhance the ionization of phosphopeptides by 10-
fold [30]. We experimented with a technique described above using both THAP and
CHCA where improved sensitivity for phosphopeptides in the positive ion mode was
achieved without affecting the ionization of the non-phosphorylated peptides. This
matrix mixture though, required a higher laser power than when using only CHCA

to give comparable signal intensities for non-phosphorylated peptides.

A key issue in this work involves using mass spectrometric methods to confirm the
presence of phosphorylations in the array spots that light up when stained with Pro-Q
Diamond dye. This was performed using CAP to dephosphorylate the proteins that

were identified as being phosphorylated on the arrays and performing MALDI-TOF
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MS on the digests before and after dephosphorylation. The mass spectra of the pep-
tides should show an 80 Da shift to lower mass after dephosphorylation if they were
originally phosphorylated. The MALDI-TOF MS spectra for several phosphorylated
proteins and their dephosphorylated counterpart are shown in Figure 2.5-2.8. Figure
2.5 shows the phosphorylated and dephosphorylated counterpart of a peptide from
Zinc Finger Protein 492, clearly indicating a shift of the peak at m/z 2333 correspond-
ing to (K)LYKPESCNNACDNIAKISK(Y) to m/z 2253 following dephosphorylation
by CAP. Rab13 (Figure 2.6) shows a shift from m/z 1934.96 to 1855, which cor-
responds to the peptide (K)-GSKPVRPPAPGHGFPLIK(R). Figure 2.7 shows the
peptide (-)-MMLGTEGGEGFVVK(V) at m/z 1534.67 from heterogeneous nuclear
ribonucleoprotein H shifted to m/z 1454, and Figure 2.8 shows the peptide at m/z
2342.04 with sequence (R)FHTGKTSFACTECGKFSLR(K) from zinc finger protein
615 shifted to m/z 2262.24 following dephosphorylation. In all these cases, the peaks
corresponding to the phosphorylated peptide are absent from the dephosphorylated
sample spectra, indicating that the enzymatic reaction is complete. This method
clearly shows that these proteins which were illuminated by the Pro-QQ dye on the
microarray are indeed phosphorylated, although the position and type of phospho-

rylation need to be confirmed by further experimentation.

The MW of the intact protein was also obtained using ESI-TOF MS when there
was a sufficient amount of protein available in order to constrain the peptide map
and LC-MS/MS search and unambiguously identify the protein. A partial list of
differentially expressed proteins that lit up on the array is shown in Table 2.1 as
identified by MALDI-TOF MS and LC-MS/MS. The last column in Table 2.1 indi-

cates whether the phosphoprotein is upregulated or downregulated in the SUM-52PE
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cell line compared to the inhibited sample. In each case in Table 2.1 performed by
LC-MS/MS, the initial database search showed the probable presence of one or more
phosphorylation sites, although the specific phosphorylation generally could not be
identified. In addition, the experimental MW often did not precisely match the
database value, indicating the presence of a modified protein. Though there may be
several different modifications on any protein in addition to phosphorylation, there
are significant shifts in the measured pl toward lower pH compared to the database
values in all the proteins in Table 2.1, which is often indicative of the presence of
phosphorylations [33]. Zinc finger protein 492 was isolated in the salt wash fraction,
pH <4.0, although the theoretical pl of the unphosphorylated form is 9.3. This shift

in pI may be due to the presence of up to 14 phosphorylations based on the MS data.

To further confirm the type of phosphorylation site modified, anti-phosphotyrosine
antibodies were used. Figure 2.9 shows two arrays that had been processed with
Pro-Q Diamond Dye. In Figure 2.9a, the green spots obtained in this process dis-
play all the proteins that have phosphorylated Ser, Thr, or Tyr residues as detected
by the Pro-Q dye. In Figure 2.9b, the array was also processed with 4G10 anti-
phosphotyrosine antibody after the Pro-Q analysis, and the red spots correspond
to Tyr phosphorylations detected by the antibody. The green spots in this image
identify proteins that are not phosphorylated at Tyr, and the yellow spots identify
those that have only a small number of phosphorylated Tyr. The data clearly show
that the spots corresponding to Epsl5 and SHPS-1 are phosphorylated on Tyr, al-
though there may also be a small number of Thr or Ser phosphorylations present.
In principle, an anti-phosphoserine or anti-phosphothreonine antibody may also be

used after the Pro-Q analysis.
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It should be noted that in most cases shown in Figure 2.9 the spots lit up by the Pro-
Q dye are in concordance with those lit up by the Cy-5-labeled anti-phosphotyrosine
antibody. However, the spot marked by ‘X’ on the array is not detected by the Pro-Q
dye but is detected by the anti-phosphotyrosine antibody as shown by the bright red
color. The response to the antibody could be due to a possible nonspecific binding
of the antibody. Alternatively, the lack of response to the Pro-Q dye may be due
to the protein concentration in this spot, which is too low for detection by the dye.
This spot has presently not been positively identified by MALDI-MS, and evidence

of a phosphorylation site by mass spectrometric analysis has not yet been found.

A quantitative analysis was also conducted with the Pro-Q Diamond dye. The
sensitivity of the dye for epoxy-coated surfaces turned out to be ~100 pg of total
protein/well, which is equivalent to ~100 fg of protein/spot where 3-casein was used
as a quantitation standard (Figure 2.10). -Casein was dephosphorylated and used
as a quantitation control. The dye appears to have an improved sensitivity when
used with hydrogel slides as shown previously by Patton et al. [21], where they ob-
tained a sensitivity of ~50 fg using the same standard. Epoxy-coated slides were
selected for analysis since they resulted in lower background absorbance compared
to the amine substrate when working with the Pro-Q dye. This quantitative data
should not be treated as absolute since contact printing with its inherent drawbacks
is less reliable for quantitative analyses than noncontact printers. Nevertheless, the
method can be used as a reference for comparisons within the slide. Figure 2.11
shows the linear dynamic range of the Pro-Q dye, which turned out to agree quite

well with the values obtained by Patton et al [21]. Since with contact printing the
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spot size is not consistent, a more convenient measure of ‘total protein per well’ was

used to obtain the quantitative data representing a more practical approach.

2.4 Conclusion

The use of 2-D liquid separations can generate protein microarrays that reflect the
natural posttranslational modifications as produced in cells. Of critical importance
is the detection of changes in phosphorylations, since these PTMs are often respon-
sible for signaling pathways related to essential processes in cells related to cancer.
In this work, we have shown that these microarrays can be used to detect changes
in phosphorylation in a malignant breast cancer cell line due to inhibition of the
FGFR2 receptor. Pro-QQ Diamond dye was used as a global means to detect phos-
phorylations while an anti-phosphotyrosine antibody was used to detect proteins with
tyrosine phosphorylations. These arrays can be clearly used to detect the presence of
phosphorylated proteins, although the specific phosphorylation sites require further
work using LC-MS/MS. When using CAP - which was applied to proteins detected
as phosphorylated on the arrays - a shift of -80 Da detected in the mass spectrum
resulted in easier identification of proteins by MALDI-TOF MS. Although changes in
phosphorylation patterns could be detected due to inhibition of the FGFR2 receptor
by a small-molecule inhibitor, this detection was only performed 24 hr after initial
stimulation. To obtain meaningful biological data on this system, future work will
require a time course study to monitor changes in phosphorylation at various times

immediately after inhibition.
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Table 2.1: List of differentially phosphorylated proteins identified by MALDI-MS and LC-MS/MS

Protein Name Acc No. Protein Obs Obs pH Exprn
MW /pl MW Range Level
Zinc finger protein 492 QIP255 65952/9.3 66010 salt wash -
RalBP1-interacting protein 1 Q96D71 80770/5.6 80758 4.3-4.6 -
Epsl5 P42566 98675/4.4 4.3-4.6 -
MAPK interacting protein Q15750 54645/5.3 54436 4.3-4.6 +
Signal transducer and activator of P40763 88069/5.9 4.3-4.6 +
transcription 3 (STAT3)
Heterogeneous nuclear ribonucleo- P31942 36927/6.4 36915 6.1-6.4 -
protein H3
SHPS-1 P78324 54813/6.3 55163 6.1-6.4 -
Zinc finger protein 324 (zinc finger 075467 61104/9.7 61074 6.1-6.4 -
protein ZF5128)
60S ribosomal protein L13 P26373 24116/11.65 24285 6.1-6.4 -
Cofilin-1 P23528 18371/8.26 18425 6.1-6.4 -
Lamin A/C (70 kDa lamin) P02545 74139/6.57 74304 5.2-4.9 +
Protein kinase C binding protein 1 Q9ULU4  131692/6.83 5.2-4.9 -
Peroxisome proliferator-activated Q15648 168334/8.88 5.2-4.9 -
receptor binding protein (PBP)
Splicing factor 1 Q15637 68287/9.07 68415 5.2-4.9 +
Proto oncogene C-crk P46108 33850/5.49 33715 5.2-4.9 -
Octamer-binding transcription fac- P14859 76426/6.34 76785 5.2-4.9 -
tor 1
Cytoplasmic protein NCK1 P16333 42838/6.06 5.2-4.9 -
Histamine H1 receptor P35367 55748/9.33 55637 5.2-4.9 +
Neurofilament triplet M protein PO7197 102256/4.9 salt wash -
Antigen KI-67 P46013 358526/9.46 salt wash -
Neuroblast differentiation associ- Q09666 312295/6.29 salt wash  +
ated protein AHNAK
Ribosomal protein S6 kinase alpha 075582 89810/6.63 salt wash  +
5
Signal transduction protein CBL-C  Q9ULVS 52450/7.83 52522 salt wash -
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Figure 2.1: Overview of the approach used in this experiment.
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Figure 2.2: 2D-UV difference maps of FGFR2-inhibited SUM-52PE (left) and normal SUM-52PE
(right) cell line for two different pH fractions: lane 12 - pH 7.6-7.9 (top); and lane 7 -
pH 6.1-6.4 (bottom)
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Figure 2.3: Microarray image showing fractions with pH 5.2-4.3 for SUM-52PE where phosphory-
lation is detected using Pro-Q Diamond dye
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Figure 2.4: Microarray image showing pH fraction 4.6-4.3 for SUM-52PE before (left) and after
(right) stimulation by PD173074
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Figure 2.9: Slide image for pH fraction 4.6-4.3 processed with antiphosphotyrosine antibody (b)
after having been visualized with Pro-Q Diamond dye (a). Epsl5 and RalBP1 show
Tyr phosphorylation and STAT3 shows phosphorylation on amino acids other than
tyrosine. The spot marked X displays the case where the antibody binds to the protein
either through nonspecific interactions or the concentration of the protein in that spot is
below the sensitivity limit of Pro-Q Diamond dye. Spots reacting positively to the Pro-
Q dye are shown in green while those that bind with the anti-phosphotyrosine antibody
are shown in red.
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Figure 2.10: Detection sensitivity of (-casein visualized using Pro-Q Diamond dye. Figure shows
10 and 100-fold serial dilutions of §-casein from 100 pg to 100 fg per well spotted
on superepoxy slides; The first and the third rows from top show the phosphorylated
form and the other two rows show controls (dephosphorylated [-casein treated with
calf alkaline phosphatase). A sensitivity limit of ~100 pg of total protein/well was

obtained.
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Figure 2.11: Linear dynamic range for §-casein visualized using Pro-Q Diamond phosphoprotein
dye. A dynamic range of ~100 was obtained when epoxy-coated glass slides were used

for analysis.
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CHAPTER III

Natural Protein Microarrays using Liquid Phase
Fractionation of Panc-1 cell-lines for the study of Humoral
Response in Pancreatic Cancer

3.1 Introduction

Major advances in cancer control will be greatly aided by early detection so as to
diagnose and treat cancer in its pre-invasive stage prior to metastasis. Unfortu-
nately, for Pancreatic ductal adenocarcinoma (PDAC), the fourth leading cause of
cancer-related death in the United States [1], effective early detection and screening
are currently not available and tumors are typically diagnosed at a late stage, fre-
quently after metastasis. PDAC is generally considered to be incurable by available
treatment modalities, with a 5-year survival rate of less than 4 percent. Existing
biomarkers for PDAC are inadequate [2]. CA19-9 has been tested for its utility as
an early detection marker in pancreatic cancer [2-5]. However, the sensitivity and
specificity of this biomarker are not high, and serum levels are significantly increased
in inflammatory diseases of the pancreas and biliary tract. Therefore, CA19-9 is not
useful for early diagnosis, mass screening or for distinguishing between PDAC and
chronic pancreatitis. Thus, there is a great need for new biomarkers for PDAC. In
the absence of good biomarkers, 80% to 90% of PDAC cases are diagnosed too late

in the disease process for surgical resection to be an effective option. Among the 10%
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to 20% of PDAC cases where surgical resection is an option, most patients ultimately

die of recurrent or metastatic disease [6].

The development and progression of PDAC is generally believed to be caused by the
activation of oncogenes, inactivation of tumor suppressor genes and the dysregula-
tion of cellular signal transduction pathways, e.g. EGFR, Akt and NFxB [7]. The
analysis of gene mutations, growth factors and their receptors and other downstream
signaling proteins may have utility in the early detection of PDAC. For instance, acti-
vating point mutations in codon 12 of the K-ras gene are present in the large majority
of PDAC [8-10]. Mutations in p53 have also been observed in approximately 50% of

PDAC tumors [11].

Mutations in a few key signaling proteins may deregulate the expression of a large
number of downstream proteins that interact with each other, possibly through post-
translational modifications such as phosphorylation and glycosylation. While both
N-linked glycosylation and sialylation regulate receptor expression and signaling
by modifying ligand binding sites [12], protein phosphorylation acts as a molecu-
lar switch to activate or deactivate diverse cellular signaling networks. Importantly,
identification of deregulated proteins has utility in elucidation of the protein signaling
networks. Such identifications may be facilitated by protein microarray technologies

for proteome-wide screening.

Protein microarrays have utility as a high-throughput screening method for whole-
cell lysates, fractionated proteomes, tissues, and antigen-antibody reactions [13-21].

Such microarrays, arrayed with naturally produced proteins that have been sepa-
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rated using multi-dimensional liquid-based separation of a proteome, followed by
the arraying of all proteins found in the individual fractions, can subsequently be
probed with a variety of detection agents, including lectins for glycoprotein detec-
tion [22,23]. In the present work, we have utilized protein microarrays to analyze
post-translational modifications as potential epitopes that elicit a humoral response
in PDAC. We have used 2-D HPLC based fractionation of Panc-1 derived proteins,
followed by non-contact piezoelectric spotting for generation of protein microarrays.
These microarrays were utilized for evaluation of the humoral response in patients
with PDAC, and for assessing post-translational modifications on Panc-1 derived
tumor antigens. Statistical analysis of the humoral response data facilitated a quan-
titative estimate of the humoral response against specific tumor antigens between
the diagnosis groups. Specific tyrosine phosphorylation patterns were elucidated for
each protein fraction using anti-phosphotyrosine antibodies. In addition, analysis
of the glycoproteins involved in generation of a humoral response was obtained us-

ing five different biotinylated lectins to analyze the glycan structure of glycoproteins.

3.2 Experimental

3.2.1 Chemicals

Methanol, acetonitrile, urea, thiourea, iminodiacetic acid, DTT, OG, glycerol, bis-
tris, TFA, and PMSF were obtained from Sigma (St. Louis, MO). Water was purified
using a Milli-QQ water filtration system (Millipore Inc., Bedford, MA) and all sol-
vents were HPLC grade unless otherwise specified. Reagents used were in the purest
form commercially available. Polybuffer 74 and polybuffer 96 were purchased from
Amersham Pharmacia Biotech (Piscataway, NJ). Pro-Q Diamond phosphoprotein gel

stain and Pro-Q Diamond phosphoprotein gel destaining solution were obtained from
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Molecular Probes (Eugene, OR). 1X PBS and ultra-pure DNase/RNase free distilled
water were obtained from Invitrogen (Carlsbad, CA). Mouse anti-phosphotyrosine
antibody, clone 4G10 was obtained from Upstate (Charlottesville, VA), Mouse anti-
phosphotyrosine antibody, clone PY20, was obtained from Perkin-Elmer and the
Cyb-conjugated secondary antibodies were obtained from Jackson ImmunoResearch
Lab Inc. (West Grove, PA.). Five biotinylated lectins (Aleuria aurentia (AAL),
Maackia amurensis lectin II (MAL), peanut agglutinin (PNA), Sambucus nigra bark
lectin (SNA) and Concanavalin A (ConA)) were all purchased from Vector Labo-
ratories (Burlingame, CA). The streptavidin-AlexaFluorb55 conjugate was obtained

from Invitrogen (Carlsbad, CA.).

3.2.2 Serum Samples

Serum was obtained at the time of diagnosis following informed consent using IRB-
approved guidelines. Sera were obtained from 15 patients with a confirmed diagnosis
of pancreatic adenocarcinoma in the Multidisciplinary Pancreatic Tumor Clinic at
the University of Michigan Hospital. These sera were randomly selected from a clinic
population that sees, on average, at the time of initial diagnosis, 15% of pancreatic
adenocarcinoma patients presenting with early stage (i.e., stage 1/2) disease and
85% presenting with advanced stage (i.e., stage 3/4). Inclusion criteria for the study
included patients with a confirmed diagnosis of pancreatic cancer, the ability to pro-
vide written, informed consent, and the ability to provide 40 mL of blood. Exclusion
criteria included inability to provide informed consent, patient’s actively undergoing
chemotherapy or radiation therapy for pancreatic cancer, and patients with other
malignancies diagnosed or treated within the last 5 years. Sera were also obtained

from 8 patients with chronic pancreatitis who were seen in the Gastroenterology
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Clinic at University of Michigan Medical Center, and from 15 control healthy indi-
viduals collected at University of Michigan under the auspices of the Early Detection
Research Network (EDRN). The mean age of the tumor group was 65.4 years (range
54-74 years) and from the chronic pancreatitis group was 54 years (range 45-65). The
sera from the normal subject group was age and sex-matched to the tumor group.
All of the chronic pancreatitis sera were collected in an elective setting in the clinic
in the absence of an acute flare. All sera were processed using identical procedures.
The samples were permitted to sit at room temperature for a minimum of 30 minutes
(and a maximum of 60 minutes) to allow the clot to form in the red top tubes, and
then centrifuged at 1,300xg at 4°C for 20 minutes. The serum was then removed,
transferred to a polypropylene, capped tube in 1 mL aliquots, and frozen. The frozen
samples were stored at -70°C until assayed. All serum samples were labeled with a
unique identifier to protect the confidentiality of the patient. The handling of all
serum samples was similar in that none of the samples were thawed more than twice

before analysis.

3.2.3 Sample Preparation

Cell Culture

The Panc-1 PDAC cell line was cultured in Dulbecco’s modified Eagle medium sup-
plemented with 10% fetal bovine serum, 100 units/mL penicillin and 100 units/mL
streptomycin (Invitrogen, Carlsbad, CA). Upon reaching 80% confluence, the cells
were washed twice in 10 mL. 1XPBS containing 4 mM Na3VO,, 10 mM NaF and one
half of a protease inhibitor cocktail tablet. The sample was then solubilized in 300
uL lysis buffer consisting of 7 M urea, 2 M thiourea, 100 mM DTT, 0.5% biolyte

ampholyte 3-10, 2% OG, 4 mM NazVO,, 10 mM NaF and 1 mM PMSF at room
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temp for 30 min, followed by centrifugation at 35,000 rpm at 4°C for 1 hr. The

supernatant was stored at -80°C until use.

Sample Preparation for Chromatofocussing (CF)

A PD10 column (Amersham Biosciences) was equilibrated with a pH 7.9 buffer solu-
tion containing 25 mM bis-tris in 6 M urea and 0.2% OG and then used to exchange
the cell lysate from the lysis buffer to the CF buffer according to the manufacturer’s

protocol.

3.2.4 Chromatofocusing of Panc-1 Cell Lysate

The liquid separations were performed on the Gold Model 128 HPLC Pump along
with a Model 166 UV Detector (Beckman-Coulter, Inc.). An AX300 4.6x250 mm
(Eprogen Inc.) weak anion exchanger column was utilized for the first dimension
separations. The start buffer consisted of 6 M urea, 0.2% OG, 25 mM bis-tris (pH
adjusted to 7.9 using saturated IDA). The elution buffer consisted of 6 M urea, 0.2%
OG and a 10-fold dilution of polybuffer 96 and polybuffer 74 in a ratio of 3:7 (the
pH was adjusted to 4.0 using saturated IDA). The chromatofocusing column was
pre-equilibrated with the start buffer until the pH of the efluent was the same as
that of the start buffer. 13 mg of the cell lysate was applied to the chromatofocusing
column with multiple injections. Once a stable baseline was achieved, the elution
buffer was switched on to elute the proteins on the column in an isocratic mode. UV
detection was performed at 280 nm and the pH of the effluent was monitored using
the PF2D’s flow-through on-line pH probe. The pH fractions were collected in 0.3

pH intervals and 15 fractions in total were collected over the range of pH 7.9-4.0. The
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CF separation was completed when the pH of the efluent reached 4.0. The column
was then washed with a 1 M NaCl solution followed by 100% IPA to elute out the

strongly binding proteins as salt-wash and isopropanol-wash fractions respectively.

3.2.5 Reverse Phase HPLC Separations

RP-HPLC was performed using an ODS-I (8x33 mm) column (Eprogen Inc.). Sol-
vent A was 0.1% TFA in water and Solvent B 0.1% TFA in acetonitrile. The gradient
was run from 5% to 15% in 1 min, 15% B to 25% in 2 min, 25% to 31% in 2 min,
31% to 41% in 10 min, 41% to 47% in 6 min, 47% to 67% in 4 min, then up to
100% B in 3 min where it was held for 1 min, and then reduced to 5% in 1 min
at a flow rate of 1 mL/min. The column temperature was 40°C higher than the
ambient temperature. The UV absorption profile was monitored at 214 nm. The RP
fractions were collected automatically in 96 well plates, then lyophilized to dryness

using vacuum centrifugation at 75°C, and stored at -80°C until use.

3.2.6 Protein Microarrays

Printing

The fractionated Panc-1 proteins (1152 fractions) were resuspended in 60% ACN
with 0.1% TFA and transferred into 96-well microtiter plates. The samples were then
lyophilized to dryness, and then reconstituted in 15 ul. printing buffer comprising
of 125 mM Tris-HCL (pH 6.8), 1% w/v SDS, 5 w/v DTT, 1% glycerol and protease
inhibitors in 1X PBS. All of the fractions were printed on nitrocellulose (Whatman)
and/or SuperEpoxy (Telechem International) slides using a GeSiM Nanoplotter2

non-contact piezoelectric printer. Each spot measured approximately 300 ym in di-
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ameter with a spot spacing of 600 um. The slides were dried overnight at room temp

and were either used immediately or stored in a desiccated chamber at -20°C.

Hybridization of Slides for Humoral Response Analysis

Nitrocellulose slides spotted with Panc-1 protein fractions were blocked in 1X PBS
containing 1% BSA (Sigma, St Louis) and 0.1% Tween-20 overnight at 4°C. The
slides were then incubated individually with serum from pancreatic adenocarcinoma
patients, from normal subjects or from patients with chronic pancreatitis. The sera
used were diluted to 1:400 in probe buffer (1X PBS, pH 7.4 containing 1% BSA, 5
mM MgCly, 0.5 mM DTT, 0.05% Triton X-100 and 5% glycerol) and hybridized to
the microarray slides. The slides were incubated for 2 hr at 4°C, washed 5 times with
probe buffer for 5 min each, and then incubated with Alexa Fluor 647-conjugated
anti-human IgG (1:2000, Invitrogen, Carlsbad, CA) for 1 hr at 4°C. The microar-
rays were then washed 5 times for 5 min each with probe buffer, dried and scanned
on an Axon 4000A scanner (Axon Instruments Inc., Foster City, CA). GenePix Pro
6.0 software (Molecular Devices, Sunnyvale, CA) was used for data acquisition and

preliminary data filtering.

Hybridization with Lectins to Delineate the Glycan Structure of Panc-1 Glycoproteins

The microarrays were blocked in 1% BSA in 1X PBS-T (with 0.1% Tween-20)
overnight at 4°C. The slides were then incubated with biotinylated lectins diluted in
1X PBS-T. The lectins used were biotin conjugated Aleuria aurentia (AAL), Maackia
amurensis lectin II (MAL), peanut agglutinin (PNA), Sambucus nigra bark lectin

(SNA) and Concanavalin A (ConA). The working concentration of all lectins used
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was 5 pg/mL except for SNA, which was used at 10 pug/mL. After primary incu-
bation, all slides were washed 5 times with 1X PBS-T for 5 min each. Secondary
hybridization was performed with a streptavidin-Alexa Fluor 555-conjugate (Invitro-
gen, Carlsbad, CA) in a working concentration of 1ug/mL in 1X PBS-T containing
0.5% BSA. After secondary hybridization, the microarrays were washed 5 times for
5 min each in 1X PBS-T and then completely dried by centrifugation. The dried
microarray slides were subsequently scanned on an Axon 4000A scanner. GenePix

Pro 6.0 software was used for data acquisition and preliminary data filtering.

Hybridization to Delineate Panc-1 Phosphoproteins

The microarray slides were blocked overnight in 1% BSA in 1X PBS-T The mi-
croarrays were then incubated in goat monoclonal anti-phosphotyrosine (Upstate,
Charlottesville, VA) antibody diluted to 2 pg/mL in probe buffer After primary hy-
bridization, the slides were washed 5 times for 5 min each in probe buffer. Secondary
hybridization was performed for 1 hr using Cy3 conjugated anti-mouse antibody at
a concentration of 1 pg/mL in probe buffer. The microarray slides were washed 5
times for 5 min each in probe buffer, dried by centrifugation and scanned on an
Axon 4000A scanner. GenePix Pro 6.0 software was used for data acquisition and

preliminary data filtering.

Microarray Data Acquisition and Filtering

All processed slides were scanned using an Axon 4000A scanner. GenePix Pro 6.0
software was used for data acquisition and preliminary data filtering. Single channel

intensity values for the green channel were obtained for each microarray processed
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with lectins and the intensity values for the red channel were obtained for each
microarray processed with human sera. Initial spot analysis was performed with
GenePix software, where all irregularly formed spots manually flagged. The back-
ground corrected median intensities were calculated. Spots that had negative inten-
sity for greater than 50% of the serum samples were removed. Each array was then
centered on its median intensity value and scaled by the median absolute deviation

(MAD). Quantile matching was used to standardize the data across arrays.

3.2.7 Statistical Analysis of Humoral Response Data

A supervised analysis was conducted with the humoral response array data (all 1152
fractions) to select the protein fractions that were predictive of cancer. Array data,
normalized as described above, was applied to a test statistic-based feature selection
procedure. Protein signatures of varying length (10 to 100 proteins) were used to
build a Support Vector Machine (SVM) prediction model. The SVM over multiple
kernel test permutations was embedded in a finite grid-search of paired values of
exponentially growing sequences of cost (C) and gamma (7). Leave-one-out cross-
validation (LOOCV) was used to evaluate the performance of the signatures. A
signature that yielded the best accuracy was selected. Principal component analysis
(PCA) was also used to verify the accuracy of the differentiation among the diag-

nostic groups. All statistical analyses were performed using R 2.3.0 and SPSS.

3.2.8 Protein Digestion

The UV fractions collected from the 2"¢ dimension RP-HPLC chromatogram that

showed a positive response to PTM detection experiments or that demonstrated pos-
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itive reactivity from the humoral response experiment were collected and dried down
to 20 pL in order to eliminate ACN and TFA. 1 M NH,HCO3 and 10 mM DTT
were then added to a final concentration of 100 mM and 1 mM, respectively and
incubated at 60°C for 15 min. Trypsin was then mixed with the denatured proteins

at the ratio of 1:50. The mixture was incubated at 37°C for 24 hr.

3.2.9 Peptide Sequencing by LC-MS/MS

Trypsin digested samples were separated by a capillary reversed phase chromatogra-
phy column (MagicAQ C18, 0.1x150 mm) (Michrom Biosciences, Auburn, CA) on a
Paradigm MG4 micro-pump (Michrom Biosciences) with a flow rate of 300 nL/min.
Peptides were eluted using a 45 min gradient which was started at 3% B, increased
to 35% B in 25 min, 60% B in 15 min, 90% in B min, maintained at 90% B for
1 min and finally changed back to 3% B in 3 min. Both solvents A (water) and
B (acetonitrile) contained 0.1% formic acid and 0.05% HFBA. The resolved pep-
tides were analyzed on an LTQ mass spectrometer (Thermo, San Jose, CA) with a
nano-ESI platform (Michrom Biosciences) operating in data dependent mode with
dynamic exclusion enabled. The capillary temperature was set at 200°C, the spray
voltage was 2.4 kV, and the capillary voltage was 20 V. The normalized collision
energy was set at 35% for MS/MS. The MS/MS spectra for the top three peaks from
full MS scan were obtained. The spectra were searched using SEQUEST algorithm
against the non-redundant Swiss-Prot human protein database. One missed cleav-
age was allowed during the database search. Protein identification was considered
positive for a peptide with Xcorr of greater than or equal to 3.0 for 43, 2.5 for 42,
and 1.8 for +1 charged ions. Peptide identification accuracy for protein identifica-

tion was further increased using PeptideProphet (maintained by Trans Proteomic
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Pipeline Project). PeptideProphet [24] validates peptide assignments from MS/MS

spectra which in turn is used to validate protein identities using ProteinProphet [25].

3.3 Results and Discussion

Clinical detection of early stage pancreatic cancer has been hampered, in part due to
the lack of suitable biomarkers. In this study, we used the Panc-1 human pancreatic
ductal adenocarcinoma cell line to analyze the humoral response in pancreatic cancer,
as Panc-1 cell lines have been shown to maintain some of the differentiated charac-
teristics of normal mammalian pancreatic ductal epithelial cells [26]. The analytical
work flow is depicted diagrammatically in Figure 3.1. The Panc-1 cell line was lysed
as described in Methods. 13 mg solubilized protein was subjected to 2-D HPLC in
order to resolve sufficient protein for the microarray analysis. The first dimension
separation, between pH 7.9-4.0, was achieved using a weak anion exchange column.
A 4.6x250 mm column was used to resolve sufficient protein for all the experiments.
Each of the collected pl fractions from the first dimension separation were then re-
solved in the second dimension using nonporous silica reverse phase HPLC on an
8x33 mm NPS C18 column. 1152 protein fractions were obtained following RP-
HPLC. All fractions were subsequently printed on nitrocellulose-coated glass slides

as described in Methods.

For the humoral response experiment, 38 serum samples were hybridized individu-
ally to the protein microarrays. The serum included 15 sera from pancreatic cancer
patients, 15 from normal subjects and 8 serum samples from patients with chronic

pancreatitis. Following hybridization of all the slides with patient serum, in parallel
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so as to mitigate any day-to-day variation, the obtained microarray data was used

for rigorous statistical analysis.

Statistical Analysis for Protein Selection: To eliminate the humoral response
signature of all protein fractions that are related to pancreatic inflammation, but
which are not cancer-specific, protein fractions which distinguished chronic pancre-
atitis sera from normal sera were first identified. SVM algorithm was used on the
data from both chronic pancreatitis and normal samples, and LOOCV was used to
train and test possible protein signatures. A signature comprising 68 protein frac-
tions had the highest accuracy at 69.6%. 72 proteins were found to be in common
among the 23 protein signatures generated by LOOCV. After exclusion of these 72
proteins from the data set (group A; Figure 3.4), a comparison between the control
and cancer serum samples yielded a 28 protein fraction signature with 60% accuracy,
with 33 common protein fractions among the signatures (group B, Figure 3.4). Fur-
ther, a broader comparison between normal and cancer samples conducted without
excluding the protein fractions in the chronic pancreatitis signature yielded a 23 pro-
tein signature with 60% accuracy, comprising 23 common protein fractions (group
C, Figure 3.4). The heat-map of protein fractions obtained from the above analysis
is shown in Figure 3.2. To obtain an overview of how well the hybridization intensi-
ties of the protein fractions obtained in this experiment would differentiate the three
diagnostic groups, principal component analysis (PCA) was performed. Figure 3.3
shows the first two components from PCA. Although exclusive separation was not
observed, very different clustering patterns were seen between the three diagnostic

groups.
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Humoral Response: Following the low accuracy of the results from the statistical
analysis, a complementary filtering method was used to increase the reliability of the
biomarker selections in which manual analysis of the fluorescence intensities indicat-
ing differential humoral response was conducted. The differences in overall response
to the three diagnostic serum groups for some spots was found to be very small. Be-
cause of the likelihood of experimental variations arising from sample handling, such
small differences were ignored even when the centroid of signal intensity for the dif-
ferential response were different. Thereafter, the data was reprocessed to retain those
spots that showed higher response for cancer sera for at least 30% of the samples
compared to both normal and pancreatitis. In this respect, it is important to note
that spots showing higher humoral response in normal compared to cancer were also
registered in small numbers and may indicate a loss in humoral response. It is argued
that around 30-40% of cancer patients will respond to any given cancer antigen. This
arises from the fact that serum samples obtained from different patients are biolog-
ically unique as each person in the study has an unique genetic makeup. Various
environmental factors like food habits also critically affect immune response. This
feature relating to the diversity of response to cancer antigens is difficult to process
using statistical algorithms. As such, the use of complementary manual inspection of
the data proved to be useful. The candidates short-listed after filtering of data using
this method were then plotted as scatter-plots as shown in Figure 3.7. Using the
above technique the discriminating nature of 16 fractions were verified and 39 more
protein fractions were selected. These 39 fractions showed differential response but
were not detected by the statistical analysis. All the short-listed protein fractions
were then digested and MS/MS analysis was conducted for their identification as de-

scribed in Section 3.2.9. The use of complementary techniques provided a larger set
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of proteins that showed differential response and reduced the chance of false positives.

Table 3.1 shows the proteins that had been identified in the first set (16 fractions)
showing differential response between the three diagnostic groups (A-C; Figure 3.4),
among which two proteins had previously been associated with pancreatic cancer
and four of the others were observed to be up-regulated in breast cancer. The pro-
teins identified in the second group (39 fractions) are shown in Table 3.3 and Table
3.2 shows the peptides identified for each protein. 37 proteins were identified in
this group including previously identified pancreatic cancer biomarkers like Cu-Zn
superoxide dismutase. Some overlap in proteins identified between the two sets was
observed where often neighboring fractions were selected as part of the two groups.
Figure 3.4 depicts the humoral response pattern against all the tested serum samples.
The top 10 proteins in the figure are from group B which lists the proteins that are
differentially responsive to cancer and normal sera (with proteins reactive to chronic
pancreatitis sera eliminated from the analysis). PDZ and LIM domain 1 protein,
Histidine Triad Nucleotide and RAD50 Homolog isoform 1 protein showed a differ-
ential humoral response between chronic pancreatitis and normal sera. PDZ domain
proteins are common protein interaction modules that play key roles in cellular sig-
naling [27]. The majority of PDZ-containing proteins are associated with the plasma
membrane [28], where they take part in signaling, mediating the adhesive properties
of particular cells, ion transport and formation of tight junctions. Over-expression
of PDZ domain-containing proteins in chronic pancreatitis, which change the nature
of interaction in the plasma membrane or epithelial region [29], may be a differen-
tiating feature between normal pancreata and chronic pancreatitis. Histidine Triad

Nucleotide protein (spectra shown in Figure 3.5a), also known as PKC-interacting
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protein (PKCI), has been identified in MFC-7 human breast carcinoma cells and it
probably plays the role of a tumor suppressor [30] protein, though its role in the
development of chronic pancreatitis is unknown. RAD50 Homolog forms a complex
with MRE11 and NSB1 and subsequently binds to DNA and plays important role in
DNA double-strand break repair. It exhibits decreased humoral response in PDAC
and chronic pancreatitis serum, as compared to normal sera. Mutations in RAD50
have been observed in breast cancer [31]. Though a phosphorylated peptide was not
detected by MS/MS analysis, the microarray data indicates possible tyrosine phos-
phorylation, as evident by reactivity to the PY20 anti-phosphotyrosine antibody. 10
proteins were identified from among the group B proteins, including Vimentin and
a-Enolase (spectra shown in Figure 3.5b). Both of these proteins had previously been
observed to be up-regulated in pancreatic cancer tissue when compared with normal
(and chronic pancreatitis) tissues using 2-D gel electrophoresis and mass spectrom-
etry [32]. The cytoskeleton-associated protein Vimentin has been found to play an
important role in the (TGF-()-induced cell migration and invasion [33]. In a recent
study, a single isoform of vimentin has been shown to elicit a humoral response in
pancreatic cancer, as compared to both chronic pancreatitis and normal sera [34].
Interestingly, in the present study vimentin was shown to elicit a humoral response
in both PDAC and chronic pancreatitis sera. Similar reactivity was also seen with
a-Enolase, which was previously shown to have utility in differentiating PDAC tissue

from normal pancreata.

Thrombospondin-2 and elongation factor alpha-1 (eEF1A) were both observed to
have greater reactivity against PDAC sera as compared to control. The microarray

image in Figure 3.6 indicates the spot associated with Thrombospondin-2 that shows
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higher binding to auto-antibodies in PDAC serum. Figure 3.7 shows the spot fluores-
cence intensity pattern of Thrombospondin-2 and eEF1A in which greater reactivity
is observed for PDAC sera when compared to the others. eEF1A is responsible for
the enzymatic delivery of aminoacyl tRNAs to the ribosome and is expressed in other
tissues besides pancreas. eEF1A has been identified as an auto-antigen in 66% of
patients with Felty’s syndrome [35]. Amplification and over-expression of Elongin
C was detected in both the breast cancer cell line SKBR-3 and in prostate cancer
by ¢DNA microarrays [36]. In our study, however, the immunoreactivity of Elongin
C between the diagnostic groups was not significantly different. Among the pro-
teins in group C, Heat shock cognate (71 kDa) protein, a chaperone protein that is
involved in the cellular transport, was observed to exhibit lower immunoreactivity
with PDAC sera as compared to normal, while the regulatory protein hnRNPA2/B1

showed greater immunoreactivity with cancer sera.

Analysis of Post-Translational Modifications: The nature and extent of post-
translational modifications in critical cell-signaling proteins depends, to some extent,
upon the progression of cancer. For example, changes in phosphorylation patterns
have been observed in breast cancer progression in response to therapeutic drugs.
Our work utilizes a novel method in which the modification pattern of the proteins
on the microarray can be utilized to obtain information on the deregulated pathway,
and to aid in protein identification using mass spectrometry. The type of modifica-
tion detected through a blind database search of the MS/MS data can be verified
with data from the microarray experiments, which provides practical approach for
identification of modifications in those situations where very high sequence coverage

is difficult to obtain. To this end, we utilized protein microarrays that were printed
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at the same time as those utilized in the humoral response experiments above. Mouse
Anti-phosphotyrosine antibodies were used for the detection of protein phosphoryla-
tion and five biotinylated lectins were used to map the glycosylation pattern of the
Panc-1 proteome. Figure 3.8 demonstrates the glycosylation and phosphorylation
patterns in the Panc-1 proteome along with humoral response. It is interesting to
note that after the spot intensities from the microarray data were normalized for
UV peak intensities, and the spots having intensities below the cut-off value dictated
by negative standards spotted on the array were eliminated, almost all the proteins
showing intense humoral response (top portion of the Figure 3.8) were observed not
to be glycosylated, or only marginally so, with very low spot intensities. With the
exception of a few proteins that showed sialylation (as dictated by their response to
SNA lectin), glycosylations were largely detected in proteins from the injection peak
fraction comprising of proteins having a pl greater than 7.9 (lower half of Figure
3.8). Since glycosylation adds increasing amounts of negatively charged sugars and
eliminates a positive charge on asparagine, the modified protein will have a lower pl
and bulky glycan side chains can make the proteins difficult to elute from the first

dimension CF column.

As such, the glycosylation pattern on the microarray may be incomplete and hence,
the data presented here only demonstrates a methodology that can be applied for
effectively increasing the amount of data that can be obtained from a microarray
experiment. Though an analysis of the flow-through during loading of both the
chromatofocusing column and the reverse phase column was not conducted, there
is a possibility that some of the heavily glycosylated proteins were lost due to poor

chromatographic separation. Figure 3.9 demonstrates the above method where ni-
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trocellulose slides printed for the purpose of the humoral response experiment was
processed using SNA lectin. The spot labeled ‘c’ (Thrombospondin-2) is thus prob-
ably sialylated. Further MS/MS experiments for the verification of the abovemen-
tioned type of glycosylation or for the identification of the glycosylated peptide/s
were not pursued and the glycosylation state of the protein was only used as a factor
in improving protein identification and selection from the MS/MS database search
results. However, since blind database search for phosphorylated peptides was easier
to perform, the phosphorylation data from the microarray was used to verify the
database search results. Figure 3.10 shows the phosphorylated peptide DMRQpT-
VAVGVIK from Elongation Factor 1A. Through the blind search of MS/MS data, the
phosphorylated peptides TVETRDGQVINEpTpSQHHDDLE and SGAQASSTPLp-
SPTR were also identified, helping in validating Vimentin and Lamin A/C, respec-
tively, as the correct protein IDs. Such a method which incorporates experimental
modification data to verify protein IDs obtained through mass spectrometry is more

reliable than mass spectrometry data alone.

3.4 Conclusion

The use of complementary data analysis techniques for biomarker discovery using
protein microarrays is essential to reduce the chance of false positives. Because of
highly diverse nature of humoral response in general, a clear differentiation is dif-
ficult to observe. Moreover, for a complex disease like pancreatic cancer which is
characterized by a lack of strong humoral response and difficulty in detection till late
stages, the possibility of observing a clear differentiation is very low. In this respect,

the use of complementary techniques to analyze the microarray data is essential.
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The top-down mass spectrometric method that has been used in this experiment for
protein identification is able to more easily identify modified peptides, as compared
to a bottom-up method where enrichment is usually necessary. Without peptide
enrichment in the positive ion mode, ionization efficiency of the phosphopeptides is
suppressed by the presence of other non-phosphorylated peptides to some extent.
Thus, the purity of the sample fractionated using multidimensional liquid-based sep-
aration methodology allows us to use the modification information from the microar-
ray in eliminating false positives. Unlike bottom-up methods, where the cell lysate
proteins are digested and the protein-to-peptide correlation is lost, in this method,
all identified peptides can be assigned to a single protein. Owing to the complex and
competitive process associated with generation of sample ions in mass spectrometry,
peptide coverage is usually low for a moderately high molecular weight protein. In
this respect, the availability of information regarding the phosphorylation or glyco-
sylation state of a protein is immensely helpful in correctly identifying the protein.
Though humoral response experiments using protein microarrays and mass spec-
trometry method were previously developed, the use of protein modification on the
microarray and its subsequent application for improving the reliability of the mass
spectrometry based protein identifications was not previously described. This work
undertakes a proof-of-concept study to demonstrate the effectiveness and simplicity
of such methodology. The power of this method also lies in its ability to identify
a large group of proteins in a single experiment that are co-regulated in their post
translational modifications and which also elicit a humoral response. Detection and
analysis of such co-regulated proteins will enable delineation of functional pathways

that play an important role during cancer initiation and progression.
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Table 3.1: List of proteins showing humoral response and identified by nESI-LC-MS/MS. Positive
change (+), No change (~) and Negative Change (—).

Protein Name Acc Identified Theo. Obs Humoral
No. Phosphory- Protein pH Response
lated Peptide @MW (Da) Range
/pl
C/N P/N
Thrombospondin-2 P35442 129955/4.6 7.6-7.3 + @~
Eukaryotic Elongation Factor NP001393 DMRQpTVAVG 50161/9.1 6.4-6.1 + ~
1 Alpha 1 (eEF1A) VIK
Elongin C Q15369 12473/4.77  7.3-7.0 ~ ~
Acyl-CoA dehydrogenase P28330 47669/7.61  7.0-6.7 ~ ~
Transcription elongation fac- P23193 33969/8.38  6.4-6.1 - ~
tor A protein 1
Lamin A/C P02545 SGAQASSTPL  74139/6.57 5.2-4.9 - ~
pSPTR
Vimentin P08670 TVETRDGQVI 53652/5.06 4.9-4.6 + +
NEpTpSQHHD
DLE
Rab-17 QOHOT7 23490/7.84 6.1-5.8 - ~
Heterogeneous Nuclear Ri- P22626 37429/8.95 7.9-76 + ~
bonuclear Protein A2/B1
a-Enolase P06733 47168/7.38 5855 +  +
PDZ and LIM Domain 1 NP066272 36071/7.02  7.3-7.0 - +
Histidine Traid nucleotide P49773 13801/6.95 7.3-7.0 - +
binding protein
RADS50 Homolog Isoform 1 NP005723 153891/6.89 7.9-7.6 - -
ATP Synthase NP001676 12587/9.53 7.6-7.3 ~ ~
Glyceraldehyde 3-Phosphate AAP36549 36166/8.45  7.3-7.0 - ~
Dehydrogenase
WD Repeat Domain 35 Q9P2L0 133546/6.37 7.0-6.7 ~ ~

Heat Shock Protein 7C P11142 70897/5.52  5.8-5.5 - ~
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Table 3.2: Database search results for proteins analyzed using EST LC-MS/MS. Proteins were iden-

tified using atleast 3 unique peptides.

Protein Hame (Acc) MW pH pH “%AA  [M+H+ [M+H]+ AA Peptide (Charge) Xeorr  ACn
Theo. Theo. Obs. Cov. Eap. Thee. Position

10 kDa heat shock protein, 107948 591 =748 66H TN 7173 92-85  R.DGDILGE.Y (1+) 189 023
mitochorndrial (P61604) 860.32 S60.46 28-33  K.GGIN'LPEK.S {2+) 285 018
10133 101356 96-85  K.GGEIGPVSVE.V {2+) 3af 022

119852 119863 54-85  K.GKGGEIOPVSVE.V {2+) 413 055

126045 126066 28-3  K.GGIN'LPEKSOGK.V (2+) 335 025

13552 13576 40-53  KVLOATVVAVGSGSHK.G 2+) 423 059

147556 14758 BE-79  K.VGDKVLLPE VGGTE.V (2+) 45 050

20453 204507 20-3 R.SAAETVTEGGIM'LPEKSQGK.V (3+) 448 051

Heterogeneous nuclear 366921 9% =74 2318 123443 12348 130139 KJUEVIEIN'TDR.G (2+) 3® D4z
ribonueleoprotein Al 129944 129985 313  K.SESPKEPEQLR.K {2+) 283 035
{PO9651) 142763 142775 314  K.SESPKEPEGQLRE.L {2+) 3mM 036
143739 143775 92-104 R.EDSORPGAHLTVE.K (2+) 315 014

196564 156584  92-105 R.EDSORPGAHLTVKKJ (2+) 287 027

162860 162875 336-331 R.SSGPYGGGGOYFAKPR.H (2+) 4265 054

169443 169470 352-369 RMHOGGYVGGSSSSSSYGSGR.R (2+) 514 065

187982 187997 1064121 K.UFVGGIKED TE EHHLR.D (3+) 39 055

Heterogeneous miclear 4077 847 =74 1643 101319 101344 204-213 R.GGHFGFGDSR.G 2+) 293 020
ribonueleopr oteins 101324 101344 204-213 R.GGHFGFGDSR.G (2+) 277 048
A2B1P22626) ME338 1185685 1353147 KIDTIENTDR.O {2+) 3835 050
122019 122185 192200 R.OEMOEVOSSR.S (2+) 27 025

1335852 133570 100-112 R.EESGKPGAHVTVE.K (2+) 337 D43

137747 137765 2M4-228 R.GGGGHFGPGPGSHFR.G (2+) 312 04

137740 137763 24-228 R.GGGGHFGPGPGSHFR.G (2+) 319 038

Profilin-1{POTT3T) 149145 547 =78 1942 123443 123471 105-115 K.TDKTLVLLM'GEK.E {2+) 376 052
139744 137972 91-104 K.STGGAP TFHVTVTK.T (2+) 373 048

195273 195305 §9-107 R.IKSTGGAPTFHVTVTKTDK.T (3+) 507 052

Huclease sensitive element 399037 987 TO-76 3056 158743 158770 171185 KMHEGSESAPEGOAQGR.R (2+) 547 051
hirding protein 1{PET30%) 169567 169567 119137 K.GAEAAHVUTGPGGVPVOGSK.Y (2+) 516 081
189743 189781 305-324 K.AADPPAEHSSAPE AEQGGAE.- (2+) 368 047

287175 28713 205-231 R.RPOQYSHPP VOGE VWVE GADH GGAGE G GR.P {3+) 678 062

32406 323953 205-Z34 R.RPOQYSHPPVQGE VW'EGADHOGAGEQ GRPVR.O (4+) 532 056

605 ribosomal protein L13 241165 MBS TETI 34T6 547 54744  167-173 R.MTEEEK.H 2+) 253 027
{P26373) 950.31 930.49 74-31  R.GFSLEELR.V {2+) 28 028
97347 97362 1214128 R.SKULFPR.K (2+) 287 038

106335 106353 135-144 K.KGDSSAEELK.L {2+) 3m o3

121743 121760 195-205 R.AKEAAE QDVEK.K (3+) 419 032

123327 123262 105-115 K.STESLOGAHVOR.L (2+) 381 035

123643 123685 167-176 R.MITEEEKHFK.A (2+) 3 039

135252 138278 145157 K.LATOLTGPVNPVR.H 2+) 342 052

139247 139878 145157 K.LATOLTGPVM'PVR.H (2+) 3.8 056

147555 147476 103-115 R.MHKSTESLOAHVQR.L 2+) 445 055

244305 244329 135-157 K.KGDSSAEELKLATOLTGPVM'PVR.H (3+) 543 048

605 ribosomal protein L27 156577 1056 TE-7.3 3407 52642 526.93 8916 K.MVLVLAGR.Y {+1} 1.8 034
{P61353) 93338 93356 51-89 R.KVTAAMGKK.K (2+) 250 028
104935 104955 §4-52  R.YSVDIPLDE.T 2+) 295 04

107745 107761 93-101 K.TVVHKDVFR.D 2+) 25 04

140745 1407 63 7385 KMYHYHHLMPTR.Y (2+) 376 045

142343 142363 7383 K.AWHYHHLM'PTR.Y (2+) 3% 049

159072 159087 54-597  R.YSVDIPLDKTVVHE.D {2+) 4% 04

605 ribosomal protein L21 18423 1048 7673 M08 5214 52147  129-135 K.ROPAPPR.E {2+) 263 020
{PA6TTE) 124351 124365 21-31  K.HGVVPLATYMR.I {2+) 305 054
125947 125966 21-3 K.HGUVPLATYM'R.I 2+) 2585 045

129199 129176 32-42  RJIYKKGDIVDIK.G (2+) 313 038

164072 1640.4 E3-77  RAYHVTOHAVGIVVHE.O (2+) 952 054

199595 199613 63-80  R.AMYHVTOHAVGIVWHKQVEK.G {3+) 420 055

209473 20940 142-159 R.THGKEPELLEPIPYE FI A.- (2+) 311 043

DHA-binding protein A {Cold 40037 97 7370 837 174483 174489 110-124 R.MHDTKEDVFVHOTAIKK (3+) 3490 042
shock domain protein A) 179651 179582 134-150 R.SVGDGETVEFDVVE GEK.G (2+) 511 044
{P16989) 187364 187288 110-125 R.HDTKEDVFVHOTAIKK.H (3+) 478 043
Calgranulin B (P06702) 132345 57 7370 #MAT4 ESTTE 877 .45 44-50  K.DLGHFLE.K {1+) 1.83 006
100547 100557 43-50 R.KDLOHFLK.K (2+) 32 oM

145543 145372 26-3 K.LGHPDTLHOGEFK.E (2+) 344 047

1755453 1755.82 58-72  KMEHIM'EDLD THADK.O {2+) 953 056

180663 1506.94 11-23  R.HIETHHTFHGYSVE.L (2+) 45 052

Histone H1.5 Histone H1a) 224364 1091 T370 1511 101443 101463 57-66 R.NGLSLAALKK.A {2+) 257 028
{P16301) 108331 109355 E7-77  K.ALAAGGYDVEK.H (2+) 275 046
121238 121263 37-45  K.ATGPPVSELITE.A 2+) 33 048
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134045 134078 36-48  RKATGPPVSELITK.A (3+) 353 043
Cytochrome ¢ oxidase 13688 007 7370 2946 T7SM 77544 G055 REIMLAAKK (1+) 19 018
polypeptide Vb, mitochondial 118735 118665 5888 K.GLDPYHVLAPK.G {2+) 3% 057
precursor (P10606) 131230 131267 7586 R.EDPHLVPSISHK.R (2+) 277 051
131543 131474  57-88  KKGLDPYHVLAPK.G {3+) 405 016
131435 131474  57-85  KKGLDPYHVLAPK.G (2+) 286 027
184167 184194 E9-85  K.GASGTREDPHLVPSISHK.R (2+) 425 042
199791 199804 697  K.GASGTREDPNLVPSISHKRI (2+) 357 030
Phosphoglycera