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Short title:
Application of proteomics in biomarker discovery
Summary:

Ever since proteomics was proven to be capabléafacterizing a large number of
differences in both protein quality and quantity,has been applied in various areas of
biomedicine, ranging from the deciphering molecupmathogenesis of diseases to the
characterization of novel drug targets and theadisy of potential diagnostic biomarkers.
Indeed, the biomarker discovery in human plasnearly one of the areas with enormous
potential. However, without proper planning and liempentation of specific techniques, the
efforts and expectations may very easily be hangpddeimerous earlier projects aimed at
clinical proteomics, characterized by exaggeratethusiasm, often underestimated some
principal obstacles of plasma biomarker discovefyonsequently, ambiguous and
insignificant results soon led to a much more caitiview in the field. In this article, we
critically review the current state of proteomicpepaches for biomarker discovery and
validation, in order to provide basic informationdaguidelines for both clinicians and
researchers. These need to be closely considei@dt@initiating a project aimed at plasma
biomarker discovery. We also present a short oeervof recent applications of clinical

proteomics in biomarker discovery.
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Abbreviations

2D-PAGE - two-dimensional polyacrylamide gel eleptroresis
amu — atomic mass unit

DIGE - differential gel electrophoresis

ELISA — enzyme-linked immunosorbent assay

ESI — electrospray ionization

FDA — Food and Drug Administration

FT-ICR — Fourier-transform ion cyclotron resonance
HPLC — high performance liquid chromatography
HUPO — Human Proteome Organisation

ICAT — isotope-coded affinity tags

ICPL — isotope-coded protein label

IEF — isoelectric focusing

IPG — immobilized pH gradient

IT —ion trap

ITRAQ — isobaric tags for relative and absolutergitation
LC — liquid chromatography

m/z — mass to charge ratio

MALDI — matrix-assisted laser desorption/ionization
MARS — Multiple Affinity Removal System

MRM — multiple reaction monitoring

MS — mass spectrometry

MSMS — tandem mass spectrometry

MW — molecular weight

NBS - 2-nitrobenzenesulfenyl



pl — isoelectric point

PMF — peptide mass fingerprinting

Q — quadrupole

QqQ - triple quadrupole

Q-TRAP - quadrupole-ion trap

RP — reversed-phase

SCX — strong cation exchange

SDS - sodium dodecyl sulfate

SELDI — surface-enhanced laser desorption/ioninatio
SILAC - stable isotope labeling with amino acids@ll culture
SILAP — stable isotope labeled proteome

TOF — time-of-flight



1. Introduction

During the past decade, several groundbreakingdsies in life science were made.
The completion of sequencing the human genome iobrtdelongs to the key tasks
successfully completed, representing a true mitestio biomedicine (Collingt al. 2004).
Indeed, this has provided an important knowledgeebthus enabling rapid development in
life science-oriented research, in such areas esaml and postnatal diagnostics, gene
therapy, discovery of new drug targets, and devetoy of personalized therapies (Workman
2003; Lau and Leung 2005; Yousgal. 2006; Rosat al. 2008). The accomplishment of the
complete genome also brings along a new, even miwadlenging task for scientists: the
characterization of the human proteome.

The term “proteome” was used first in 1994 and dbess a set of all proteins
expressed by a given genome (Wasingeral. 1995). A more accurate definition,
emphasizing its dynamic nature, further speciffesgroteome as a set of proteins in a given
time and space, as its composition may vary fr@sug to tissue or even from cell to cell.
Furthermore, the structure of a proteome is depdrmlea wide range of internal and external
factors such as environment, age, sex, diseasesyich is in sharp contrast with the nature
of the genome.

A protein, the basic unit of a proteome, is a molecomposed of single amino acids,
further forming secondary, tertiary, and quaterrthrge-dimensional structures. Although the
amino acid sequence is defined by the appropriate,gthe genetic information itself cannot
provide the complete information about a protem.cbntrast to the stable, rigid, single-
dimensional genomic information based on a comluminaif four nucleotides, the information
encoded in proteins is not exclusively limited he amino acid sequence. Specific properties
of proteins like various conformation states, pasislational modifications, and alternative

splicing demonstrate the multidimensionality, higariability, and dynamic nature of the



proteomic information. This explains the high numloé unique protein molecules, far
exceeding the number of respective genes, pantigutaeukaryotes.

Proteomics, the main tool for proteome researcly islatively new and extremely
dynamically evolving branch of science, focusedtbe evaluation of gene expression at
proteome level. Due to the specific properties obtgins mentioned above, current
proteomics deals with different issues, such asteproidentification, quantification,
characterization of posttranslational modificati®tucture and function elucidation and
description of possible interactions. The rapidedlegment of proteomics was made possible
by progress in analytical instrumentation, espgcial mass spectrometry (MS) with the
introduction of new, cutting-edge types of masscapeneters and improvements of soft
ionization techniques. No less important are theaades in technologies and methodologies
dealing with protein or peptide separation and darmpmplexity reduction, mainly in liquid
chromatography and electrophoretic techniques. nBionatics is the third important
foundation for advances in proteomics, as the tgltii collect, store, process and visualize
vast amount of data is crucial in extensive protesratudies.

Although genomic research dominated the area ofédical research in the past
decades, proteomics is increasingly gaining groimdeading scientific workgroups and
in clinical research labs. One of the reasons wlgivthis platform change is the fact that a
protein pattern of a biological sample is much maceurately up to reflecting the current
physiological state of an organism than is the gemoand thus holds great promise in
biomedicine.

2. Biomarkers

Timely recognition of an ongoing pathological pregeis a crucial factor that

influences a patient’s chances for successful rtreat (Etzioniet al. 2003; Zhanget al.

2007b). To accelerate and facilitate the deternonaaf diagnosis, current medicine strongly



relies on the specialized assessment of certairaulgs, where the concentration of these
molecules in a biological sample more or less ¢at@s with the occurrence of a given
disease. Determination of the concentration charigeich biomarkers may allow screening
of high-risk individuals and detect disease at\eastill well curable stages, as well as
facilitate the prognosis prediction and monitorofgreatment response. The ultimate goal of
implementing these biomarkers in routine clinicasts is the reduction of morbidity and
mortality. Unfortunately, even with these tools,ist not always easy to realize the full
potential of well-established markers (Andrieteal. 2009; Schrodegt al. 2009).
2.1. Requirements of an ideal biomarker

According to the Food and Drug Administration (FDA)biomarker is a characteristic
that is objectively measured and evaluated as dicdator of normal biologic or pathogenic
processes or pharmacological responses to a thei@pgervention. It may be also defined
as anin vivo derived molecule present at levels deviating $icgmtly from the average in
association with specific conditions of health (Adon et al. 2001; Zhanget al. 2007b).
From a biochemical point of view a biomarker iseafia protein, the presence or quantitative
characteristics of which are measured mostly usiethods based on monoclonal antibodies.
An ideal biomarker should enable unbiased diagndsisrmination, particularly in patients
without specific symptoms. It should therefore ifulseveral criteria, particularly high
specificity towards the given disease and highiseitg. A correlation of the biomarker level
and the disease stage is also desirable @wab. 2007). Ease of use, standardization, and
clarity and readability of the results for the atian are all factors that further affect the
biomarker performance in the clinical setting. Utidoately, many of these requirements are
not met by most of the potential and even appraretiused biomarkers (Anderson 2005). In
theory, every disease may be uncovered and charaddy its unique biomarker. To see

this biomarker as a single molecule, however, $6 gne alternative. Rather than as a unique



protein, a biomarker should be regarded as a panep- and down-regulated proteins or
proteins with altered posttranslational modificaspwhich differ in diseased and normal state
(Etzioniet al. 2003; Rifaiet al. 2006).

These facts along with the diagnostic potentighrofteins and advances in proteomics
technologies recently caused a significant incredsaterest in biomarker research. These
indicators hold great promise in early detectioresning, disease progression monitoring, or
in therapy efficiency evaluation, as new, more #mesand specific markers are yet to be
found (Etzioniet al. 2003; Veenstrat al. 2005; Huet al. 2006; Hanaslet al. 2008). To
illustrate, we present some of recent studies nigalith biomarker discovery, which deserve
particular attention because of clinical relevawncebiological/methodical approach. These

studies are summarized in Table 1.

2.2. Biomarker sources

One of the key issues in biomarker research isatteessibility of the source of
biological matrix. Among a wide variety of availabbody fluids, blood is considered the
most promising. Other fluids (urine, amniotic flughliva, cerebrospinal fluid, nipple aspirate
fluid, synovial fluid, etc.) cannot offer a protgmnofile as representative as that of blood, and
availability of these samples may be very restiicilood as a source of biomarkers is easily
accessible; its collection is minimally invasivew risk, and cheap. The processing of crude
blood to plasma is a routine task in clinical labs.

2.2.1. Blood

The most important advantage of blood is its cdntath virtually all cells of the
organism. Due to specific secretion, shedding fribw@ surface, or non-specific leakage,
tissue-related proteins are released into the bkicehm (Zhanget al. 2007a). Therefore,

pathologically affected cells with deregulated poyhes may create a specific “barcode” by



disease-related proteins released into circuldilogd. Besides the proteins originating from
affected cells, the barcode is also representetiddgcules resulting from organism response
to the disease (Bijiagt al. 2009). Therefore, this barcode includes high-abuod proteins,
which can be readily analyzed using conventiona@hnejues. Doubts have emerged,
however, on whether these markers would be uplfil the criteria required for validation
and pass all phases of testing. Except for intaatems, the barcode also includes protein
fragments due to proteases/peptidases dereguldt@se are advantageously analyzed using
MS profiling (Villanuevaet al. 2006; Hashiguchét al. 2009). However, the most interesting
proteins originate from pathologically affectedlselUnfortunately, owing to the large blood
volume, the final concentration of these diagnadiicinteresting proteins drops to about
nanogram per milliliter (ng/ml) levels or even ldgsiderson and Anderson 2002; Anderson
et al. 2004b). To successfully analyze these compoura)isticated methods and specific
procedures need to be implemented.

Because changes in the plasma proteome are ndy s@ased by pathological
processes, the preanalytical phase is a crucial gathe biomarker discovery workflow.
Factors like age, circadian rhythms, stress, méditausage, physical activity, pregnancy
etc., may also significantly influence the plasmeot@in profile. Therefore, all the
preanalytical steps - patient preliminary, blootlemion, sample transport and storage - need
to be strictly standardized and monitored, in ordeprevent the occurrence of random and
disease-unrelated changes in the plasma proteowen Einor deviations in the pre-
analytical phase may lead to false conclusiondefanalysis (Raét al. 2005; Banks 2008;
Govorukhinaet al. 2009). To prevent such deviations, i.e., in bl@otlection, specialized
products like the BD P100 blood collection set (Biagnostics, USA) have been developed
for proteomic purposes, standardizing the collectmocedure. Another crucial aspect,

namely, the number of cases and controls enrolbedaf study, should also be carefully



considered, as an insufficient number of patienday masily lead to false results. For higher
credibility, it is advantageous to include patiefitsn multiple clinical centers. In this case,
however, strict requirements on standardized sapmpleessing need to be closely monitored,
as variations in preanalytical steps may lead ¢v@ontradictory results (Fiedlet al. 2009).

Although the enormous complexity of blood as adaceflecting the state of the
whole organism may be regarded as an advantageyitbe also seen as a disadvantage from
the analytical point of view. Indeed, blood plasiman extremely rich mixture of proteins
and peptides as well as proteins originating frorcroeorganisms. Moreover, proteins may be
represented in a number of various forms due tir ghesttranslational modifications or
alternative splicing, which further greatly increasthe diversity of the plasma proteome
(Anderson and Anderson 2002). Although more thad0®,plasma proteins have been
identified so far, as reported by the HUPO consartithis was achieved in a collaborative
project of 35 laboratories (States al. 2006). Unfortunately, this number of identified
proteins is extremely hard to achieve in singlestabory settings. To illustrate, a more recent
work led through very extensive fractionation ofuse to the identification of 4,396 proteins
in one study (Tucholskat al. 2009). The wide concentration range of plasmaepmois
another limiting factor, as the estimated concéiamaspan exceeds 10 orders of magnitude
(Anderson and Anderson 2002). This exceeds themdigneange of any current analytical
instrument or method. The questing for biomarkbus tpresents a real challenge for plasma-
based proteomics research, as these moleculesidaienhamong 20 very high-abundance
proteins, representing ~ 99% of total plasma pnofeéeenstraet al. 2005).

2.2.1.1. Addressing the problem of high-abundance proteins

In present proteomic research, several methods lbese introduced in order to solve

some of the pitfalls associated with plasma ansly3ne of the key points, often implemented

as the first step of proteomic sample workflow,the removal of ballast high-abundance
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proteins with no diagnostic potential using immufiady depletion (Tamet al. 2004; Echan
et al. 2005; Huang and Fang 2008). This approach takemngaye of immobilized polyclonal
antibodies to remove a portion of high-abundancteprs. These antibodies are designed to
bind defined proteins and their isoforms, allowthg removal of up to ~ 95% of total plasma
protein, which results in significant reduction edmplexity and dynamic range (Figure 1).
This may lead, in turn, to a higher number of ided proteins, improved sequence
coverage, and more accurate protein quantificaii@mromy et al. 2004; Tamet al. 2004;
Huanget al. 2005b). The depletion step is subsequently includethe validation phase as
well, as it enables adequate sample loading (&iat. 2009). This approach, however, brings
along certain disadvantages, as some of the highel@mce proteins, albumin in particular,
are known to act as carrier molecules for othetgims, possibly with diagnostic potential.
Thus, by removing the carrier proteins, these p@y interesting molecules may be lost as
well (Huanget al. 2005a; Liuet al. 2006).

Peptide libraries present an alternative solutmndynamic range reduction. Instead
of removing a portion of high-abundance proteinse tpeptide libraries equilibrate
concentration of plasma proteins to a similar lewicroscopic beads are covered with a
library of hexapeptides prepared using combindt@yathesis from common amino acids
(Thulasiramaret al. 2005; Righettiet al. 2006; Righetti and Boschetti 2007; Senretlsl.
2007). This results in millions of bead populatioeach population carrying a unique peptide
sequence. Based on probability, the majority ofpia proteins is supposed to find a binding
partner. After the binding capacity of a particutead population is saturated, the remaining
portion of the given protein cannot bind any mond & washed out. The proteins are then
eluted from the beads and further analyzed. Howelige to the nature of this method, the
differences in protein concentration are smoothadray individual samples after saturating

the capacity, and only low-abundance proteins déinatnot up to saturate the beads may be
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quantified among more samples without employingeshod based on stable isotope labeling
(Roux-Dalvaiet al. 2008).
2.2.1.2.Mining the plasma glycoproteins

The glycosylation of proteins is known to be abetran different disease states,
especially in cancer (Spiro 2002; Brookssal. 2008). In addition, most of the proteins
localized at the surface or secreted by cells dyeogylated. Therefore, disease-related
glycoproteins, either actively secreted, or pasgiwhed or leaked from the cells due to
cellular damage or death, are likely to occur ia bhood stream. Unsurprisingly, numerous
clinically used protein markers are glycosylatat;hsas PSA, CA125, and CEA (Kui Wong
et al. 2003; Comegyst al. 2004; Ludwig and Weinstein 2005; Tajei al. 2008). Hence,
glycoproteomics has been attracting consideraldémtain in the biomarker discovery field
because suitable technologies and methods for gitgteomic analysis have emerged. With
respect to techniques used for this purpose, tvpooaghes can be identified. Lectin affinity
chromatography is capable of enriching glycosylagpedteins from complex matrices by
interaction with various types of lectin withoutsti®ying the glycan part, leaving it available
for analysis (Mechredt al. 2008). During the second alternative approachalem capturing
of glycoproteins/glycopeptides, the oxidized glycaaniety is covalently bound to hydrazide
solid phase support. The protein/peptide backbare e released by enzymatic cleavage
from the glycan part and analyzed. The glycan paninot be recovered from the hydrazide
resin and is therefore unavailable for analysiagisiis approach (Tiagt al. 2007).

2.2.2. Proximal fluidsand tissue

Proximal fluids as a source of biomarkers preseabrapelling alternative to blood.
Although proximal fluids are not as representatgeblood, their expedience increases if the
nidus of a disease is in close contact with theiqdar body fluid, i.e., urine may be a

prospective source of kidney diseases biomarketsn{@aet al. 2009), or cerebrospinal
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fluid for central nervous system diseases (Tunehral. 2009). The anticipated biomarker
molecules are present in a significantly highercemrration than in body fluids. Moreover, if
a disease-specific marker is found in tissue, tathapproaches may be introduced to assess
its presence in body fluids as described furtherthis article (Schiesst al. 2009).
Unfortunately, the accessibility of tissue specimen some of the proximal fluids is mostly
more complicated compared to collection of blood amy present a level of risk for the
patient. Analysis of both tissue and proximal fhiilom an animal model of the respective
disease may be an option, as these are much msitg¢ elatainable and results from these
studies may be then translated to human analogudse aisease (Whiteaket al. 2007,
Gramoliniet al. 2008).

2.2.3. Multistage strategies

Direct analysis of human plasma is just one of mpogsible ways to seek for new
markers. The major obstacles to direct biomarksecaliery in plasma — enormous complexity
and high concentration range — recently causedralenew strategies to emerge (Schietss
al. 2009). These are generally divided into multiplert. First, diseased and control
biological samples with anticipated concentratiohpotential markers higher than in plasma
are compared. These might include model cell lidfgcted tissue samples, and proximal
fluids (Kulasingam and Diamandis 2008). Apart frahe fact that potential markers are
present in higher amounts in these sources thatasma, the overall protein concentration
range in cells is lower than in blood, and protemamalysis of these sources results in higher
proteome coverage. Even an animal model may be asethe diseased and control animals
are precisely defined and their genetic backgrowandsalike in all respects (Whiteakatral.
2007; Gramoliniet al. 2008). Along with the ability to grow a human cantissue in the
animal host, subsequent analysis allows differéntiaof cancer tissue-released proteins from

host response proteins (Bijiahal. 2009). These are all ways of identifying more gpeand
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sensitive potential biomarkers. These candidat&kensrare subsequently targeted in plasma
and if their presence is confirmed, then they ameulkaneously precisely quantified using
targeted mass spectrometry, as described in régpaetction of this article.

An interesting approach based on identificatiorglytosylated cell surface proteins
was published recently (Wollsched al. 2009). By this means, it is possible to precisely
describe the cell surface proteome. Subsequelhget proteins are targeted using targeted
proteomics in human plasma as the cell surfacesim®tare released into the blood stream
upon cellular death or damage. The major drawb&dki® workflow is the requirement of a
suitable representative tissue sample or celluladehof a disease, which is not always
available.

3. Proteomic approachesfor plasma analysis

Currently, there are three primary approaches abiail in biomarker discovery
projects (Figure 2). Each of these methods offerisue advantages but also suffers from
specific and often substantial drawbacks. Therefone should keep in mind that none of
these techniques is ideal and a thorough discussiorucial prior to selecting the definitive
approach. Even though these three methods are rhemally distinct, a common
denominator for all three is the application of mapectrometry. Therefore, we present a
brief description of this key technique.

In principle, mass spectrometry as an analyticathrtegue enables accurate
measurements of molecular weights of individual porents in a given sample. A mass
spectrometer comprises three major parts: ion spartalyzer, and detector. During a typical
MS experiment, sample molecules are ionized angerted into gas phase in the ion source,
separated according to their mass to charge natibe analyzer, and finally detected by the
detector. As for individual segments, the most camiyused ion sources in proteomics are

Matrix-Assisted Laser Desorption/lonization (MALDand Electrospray lonization (ESI). In
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a MALDI source, analyte molecules are ionized frealid state by a pulsed laser beam,
whereas an ESI source ionizes dissolved molecylesptaying them in an extremely fine
beam directly into a mass analyzer. For individiyples, the commonly used analyzers in
proteomics are time-of-flight (TOF), quadrupole (@n trap (IT), Fourier transform ion
cyclotron resonance (FT-ICR), and Orbitrap. Thesghtrbe used either singly or in a tandem
configuration. In tandem mass spectrometry (MSM3)ltiple steps of mass analysis can be
performed with individual analyzers separated iacgpor in a single analyzer with steps
separated in time. In MSMS separated in spaceyzeval are physically separated, but are
tightly connected in order to maintain vacuum. Toamfiguration is used in the following
instruments: Q-TOF, TOF-TOF, Triple Quadrupole, &SMS in time, on the other hand,
can be performed with ions trapped in the sameephatth individual analysis steps carried
out over time. lon traps or FT-ICRs can be usedHisrpurpose.
3.1. Two-dimensional polyacrylamide gel electrophoresis

The very first method employed in comprehensivetgmmic experiments was the
two-dimensional polyacrylamide gel electrophorg8B-PAGE). The proteins are separated
in a gel matrix based on two independent physicmited properties of each protein:
isoelectric point (pl) and molecular weight (MW)'Earrell 1975; Gorgt al. 2004; Carrette
et al. 2006). By a combination of these two featuresiga-hesolution separation of proteins
may be readily achieved.

The protein mixture is separated using isoeletteasing (IEF) according to the pl of
the proteins in the first dimension. The IEF isriea out on commercial gel strips with an
immobilized pH gradient (IPG) strips (Bjellgvigt al. 1982). The IPG strips containing
focused proteins are incubated with sodium dodsualghate (SDS), a detergent that covers
the proteins with a negative charge. After inculratithe IPG strips are placed on top of the

SDS polyacrylamide slab gels, and the proteinssagarated based on their MW in the
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second, perpendicular dimension (Laemmli 1970)s Thsults in a two-dimensional protein
map, where the proteins can be visualized usingwsiapproaches.

Conventional staining protocols include CoomassiBlue G-250 and R-250 dyes
(Neuhoffet al. 1988; Candianet al. 2004), or a color reaction based on silver iomlsicEon
of ionic to metallic silver onto the protein surda¢Rabilloudet al. 1994; Chevallett al.
2008). Increasingly popular fluorescent dyes, 8ypro™ Ruby (Berggreret al. 2000) and
Deep Purpl& formerly known as Lightning Fast, (Mackintosthal. 2003) offer ameliorated
sensitivity and linearity for quantification compdr to classic staining agents. The
Differential Gel Electrophoresis (DIGE) employsdarflorescent dyes (Cy2, Cy3, and Cy5)
for covalent protein labeling prior to 2D-PAGE. Dute their identical physicochemical
properties in regard of pl and MW, labeled proteans run on the same gel simultaneously.
However, due to different excitation and emissioavelengths of the dyes, a unique 2D
protein map can be acquired for each protein saimgl@ed on the gel (Unlat al. 1997).
When choosing the appropriate staining protocatois like sensitivity, dynamic linearity,
and compatibility with MS analysis should be taketo consideration (Millert al. 2006;
Berth et al. 2007) (Table 2). Subsequently, the stained geldagitalized and evaluated by
means of specialized software enabling quantificatdf proteins via comparison of the
intensity of stained spots (Berth al. 2007). This final step is crucial, as any variamnte
image processing may lead to false results, mastipantification (Stest al. 2009).

The separated protein spots are identified on a rapsctrometer, mostly using the
peptide mass fingerprinting method (PMF) (Shevcbesikal. 1996; Henzekt al. 2003). A
gel piece containing an isolated protein is exciaed enzymatically digested by trypsin or
any other sequence specific protease, resultirg nmxture of peptides. A MS spectrum is
acquired, each peptide being represented by its-toasharge rati¢nvz) value. The recorded

m/z values are compared with theoretical values archge of a match, a protein is assigned
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to a spectrum with certain probability, accordingiie Mowse scoring algorithm (Pappn

al. 1993). The theoreticaivVz values are obtained b silico translation of DNA sequences
of genes into proteins, from which theoretical pobytic peptide masses are computed. If a
spectrum fails to provide sufficient data for caiefitial protein identification, a tandem
spectrometer may be used, as this type of instruerables direct acquisition of a peptide
sequence (Thieda al. 2005).

Several hundreds to a few thousands of proteinsspaty be separated on a single
2D-PAGE gel. This approach is one of the most bigtéor separating isoforms of identical
proteins. Also, the expenditure for the requiredipapent and chemicals is relatively low.
However, the main drawbacks of 2D-PAGE include edpcibility issues, time and labor
intensiveness of the process, and imperfect separatf protein in both pl and MW
extremities and of hydrophobic proteins. A parsialution to the reproducibility and dynamic
range problems may be achieved using the DIGE aphrasolving also problems regarding
the low dynamic range of conventional staining rodth

Although the 2D-PAGE method has been applied toarous projects for biomarker
discovery, the proteins with altered concentratlmiong mostly to the group of high-
abundance proteins (Tumani et al. 2009). Howe¥espacific fraction or enrichment methods
are employed during the sample processing workfleven tissue-derived proteins may be
detected using this approach (Hongsachart et &9)2(INonetheless, gel-based techniques
may bring substantial results in a very speciitdiof biomarkers, namely autoantibodies that
act as markers. In autoimmune diseases or in carsegoantibodies are often found to be
targeted against own cellular proteins (Bazhin let2809). In this case, the strategy of
searching for biomarker is far different from thatescribed above, as the marker itself is an
immunoglobulin and the task is to determine agantsth antigen it is targeted. The strategy

is to perform Western blotting of affected tissuetpins by using imunoglobulins from the
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sera of patients. Although protein-antibody arraygrently dominate this area, conventional
gel-based proteomic methods can still bring sigaiit results (Looi et al. 2008; Beck et al.
2009).
3.2. Proteomic profiling

Direct MS analysis of a sample may provide rapgight into its protein profile. An
instrument based on MALDI-TOF in linear configuaatiis ideal for this purpose, as it
enables an acquisition of wida'z range. By this approach, protein profiles of sasphay
be quickly compared, resulting in a list of diffetially concentrated protein peaks (Figure 3).
However, due to the complexity of biological sanspléhe majority of low-abundance
proteins remain undetected. This issue is partigtlived by sample prefractionation on a
carrier, covered by various chromatographic suda@éese bind only the desired subset of
proteins and the corresponding protein profilehient acquired using a mass spectrometer
directly from these carriers. This approach is akmwmwn as Surface-Enhanced Laser
Desorption/lonization time-of-flight mass spectrargg(SELDI-TOF MS) (Dattelbaum and
lyer 2006; Poon 2007). Currently, a variety of cimhand biochemical surfaces is at
disposal, enabling analysis of a wide range ofginosubgroups. Analogous analyses may be
also performed on a MALDI-TOF instrument, but themgle prefractionation has to be
performed separately, i.e., using magnetic beadsifired by various chromatographic
surfaces, similar to those on SELDI carriers, ofngiscolumn devices filled with
chromatographic phases. This configuration enhagseasitivity, as the surface of beads is
higher compared to those of SELDI targets. Dueht® poor analytical performance of
SELDI-TOF instruments, researchers experienced assnspectrometry prefer alternatives
based on MALDI-TOF technology for biomarker discovapplications (Villanuevaet al.
2004; Callesemt al. 2009).

Compared to 2D-PAGE, a SELDI-TOF analysis requaesiuch lower amount of
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sample, which may be in addition applied directlytoo the target, without extensive
preparation. Also, this technique is remarkablyt fasd high-throughput. Nevertheless, the
SELDI-TOF approach suffers from some major drawbaakcluding low spectra resolution
and low accuracy. In addition, concerns about rycibility discourage MS profiling from
becoming a routine proteomic tool prior to addmegsstandardization of preanalytic and
analytic factors (Banks 2008; Bruegglal. 2009; Calleseret al. 2009). Furthermore, the
absence of means for precise protein identificatrorSELDI-TOF limits the information
about a biomarker candidate protein to justritsvalue in most cases. Although publications
presenting just these limited data on candidatekenarkeep emerging, proteins/peptides
defined just bym/z are worthless for diagnostic applications becahs& unknown identity
hinders further validation by independent orthoganathods. Limited or no options for this
validation step further increase controversy andpskism currently associated with this
approach. Even though the SELDI-TOF technique afilprg based on MALDI-TOF
instrument shows some disease-related changesagmpl| these occur mainly among the
higher-abundance proteins (Hat al. 2006; Findeisenet al. 2009). Due to their low
specificity, however, these would unlikely pass thalidation for a disease-specific
biomarker. On the other hand, as the profiling epph focuses on low/z segment, disease-
specific low-molecular weight fragments may be digtée in plasma as certain pathologies are
characterized by profound deregulation in protdaspsidases activities (Villanuew al.
2006; Goldmaret al. 2007; Hashiguchat al. 2009). Another area where the profiling strategy
can be advantageously employed involves analysgyofins from glycoproteins. As already
mentioned, the glycosylation pattern of proteinkrnewn to be aberrant in different diseases.
One of the methods shown to be able to uncoveasksspecific changes in glycosylation is
MALDI profiling of N-glycan moieties released from plasma/serum glyateprs. This

method has been proved to be well reproducible @\édal. 2007). To date, sera from
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various cancer patients have been tested usingipioach (Kyselovat al. 2008; Goldman
et al. 2009). Although this approach seems to be veryniog, as it has been shown to be
able to distinguish individual cancer stages (Kggekt al. 2008), concerns have been raised
on how to identify the parent glycoproteins, allog/ifurther validation.

3.3. Shotgun proteomics (LC-MSMYS)

The combination of liquid chromatography (LC) andSMallows detection of
proteomes with greater depth, dynamic range, ahdreed accuracy of quantification than
when using one-dimensional profiling techniquest thecord all ions in a single mass
spectrum. The shotgun approach is closely linkeddwances and progress in MSMS. A
tandem mass spectrometer is an instrument capéidelating a precursor ion, fragmenting
it, and detecting resulting fragments (Domon antieksold 2006).

During a typical shotgun experiment, a protein mom&t of various complexity is
cleaved by a sequence-specific protease first. fost commonly used protease in
proteomics is trypsin that cleaves a typical proiato several tens of peptides. Therefore, in
case of analyzing a complex protein sample, a langaunt of different tryptic peptides raised
from trypsin digestion disallows a direct MS anaysimilar to the PMF method. Therefore,
the resulting peptide mixture has to be separatedstly by high performance liquid
chromatography (HPLC), prior to analysis on a tamdeass spectrometer. These two
systems may be connected either on-line, wherdH#eC capillary flows directly into the
ESI ionization source, or off-line, using a fractioollecting device. This device collects the
peptides eluting from a HPLC system in time-depehdeactions directly onto a MALDI
target plate (Bodnaat al. 2003). Alternatively, a continuous elution tracaynbe deposited
onto the MALDI plate, which results in increasedarhatographic resolution, comparable to

that of ESl-based MS instruments (Cletal. 2005).

20



The mass spectrometer first acquires a MS spectfumtact peptides, from which
candidates are selected for fragmentation. In agseptide meeting specific requirements on
its intensity and charge is detected, this peppdecursor is isolated from the others,
fragmented, and the resulting fragments then peowad MSMS spectrum. Information
acquired from both MS and MSMS spectra is usedi¢ntify of the proteins in the original
mixture (Nesvizhskii 2006). At present, severalrslimg tools and algorithms are available.
Most of these tools are based on the precursorappr(Mascot, Sequest), which uses the
precursor mass value as the main search crite@lzugeret al. 1999) and takes both MS and
MSMS spectra equally into consideration. On thesptiand, the sequence tag approach is
based on partiatle novo peptide sequencing and uses mainly the acquireM™MSpectra
(Mann and Wilm 1994).

The most common peptide separation scheme nowasldyased on HPLC, using a
stationary C18 reversed phase (RP) column providiagllent resolution. Along with good
separation efficiency, an additional advantageh tnethod is the use of solvents, which do
not inhibit either ESI or MALDI type of ionizatio(Mitulovic and Mechtler 2006). However,

a single dimension RP HPLC is not powerful enoughreisolve a mixture of hundreds or
thousands of various peptides resulting from arymatic digestion of a complex protein
mixture like plasma (Gilart al. 2009). Therefore, various fractionation and sej@ra
methods are combined to simplify the analyzed méxtas much as possible. One of these
combined schemes incorporates a strong cation-agehehromatography (SCX) HPLC prior
to the RP HPLC. This approach was denoted as Mmukidsional Protein Identification
Technology (MudPIT) (Wolterst al. 2001). Alternatively, SCX HPLC in the first dimens
may be replaced by RP HPLC in basic conditionsaiGat al. 2009) or even by IEF of
peptides providing at least comparable fractiomagdficiency (Essadeet al. 2005). The

GeLC-MSMS method combines a SDS protein electraggsherfollowed by gel cutting,
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protein digestion and RP HPLC separation of thaltieg peptides (Schirlet al. 2003). The
HUPO Plasma Proteome Project data unambiguousiyeshthat the shotgun approach using
these multidimensional separation methods leada tauch higher number of identified
proteins than does the 2D-PAGE approach (Omena. 2005). Also, a combination of
various fractionation and separation methods l¢adsartially redundant sets of identified
proteins. In general, the more orthogonal methadscambined, the higher the number of
identified proteins. On the other hand, along with fraction count, the analysis lengthens
proportionally and the procedure becomes more @nare (Hoffmaret al. 2007).

3.3.1. Quantitative shotgun proteomics

The main goal of former shotgun proteomic studi@s wainly protein identification.
However, advances in mass spectrometry and bionstcs enabled a focus shift towards
quantitative and comparative analyses where a cosgoaof mutual protein concentrations
in particular samples becomes possible, e.qg., teffecell line versus negative control,
patients with a specific disease versus healthpdoretc. Two main quantification strategies
are available at present: label-free quantificatimil quantification based on stable isotope
labeling.

3.3.1.1.L abel-free quantification

The label-free approach is based on comparison $f dignal intensities between
individual experiments (Bondarenkbal. 2002). Semi-quantification is also possible to som
extent by counting the number of peptides unamhiglyoidentified (Ishihamat al. 2005).
This method has several evident advantages andbf@sagplications. The labeling step can
be omitted, which both shortens and cheapens theriexent. The number of samples to be
compared is virtually unlimited, which cannot beated by any of the stable isotope based
methods. Also, the spectral complexity is not iasesl, which could in turn lead to a higher

number of identified proteins. Last but not ledahel-free approaches are able to quantify
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throughout a much broader dynamic concentratiogeahan stable isotope-based methods
can. However, as different peptides ionize diffseduring individual experiments, their
intensities may vary from run to run, making ithet difficult to correctly quantify them.
Therefore, label-free methods are the least acguwndtich is caused by the influence of both
systematic and random errors during the experir(Rantscheffet al. 2007). Nevertheless,
techniques to overcome these shortcomings usingfbrmatics and specialized software
were suggested recently (Cox and Mann 2008). Tlakel-free quantitative proteomics
particularly in combination with high resolution ssaspectrometry (FT-ICR, Orbitrap) is
regarded as a promising way to quantify large sdtssamples even across multiple
laboratories.
3.3.1.2.Labeling based on stable isotopes

Stable isotope strategies were introduced to detl thie ionization variability of
peptides and effect of errors during the workfldwg(re 4). The samples to be compared can
be mixed together and analyzed as a single oneeati¢he combination of samples should
be carried as soon as possible in the workflowdiBtinguish the samples mixed during the
analysis, they first need to be labeled with reégyeontaining stable isotopes, €-4C/=C,
1NN, 020 (Putzet al. 2005; Bantschefét al. 2007). The proteins or peptides labeled
with a substance of identical chemical structunet@iming stable isotopes will behave equally
during all steps of the experiment since they hadentical physicochemical (most
importantly ionization and chromatographic) pro@st but owing to a specific mass
difference in theirm/z, they can be simply recognized by a mass spectesmé&he
quantification is then based on comparison of digmansities, which differ by a specific
molecular mass shift. Based on the nature of tmepks a broad range of quantification
methods is at disposal. Stable isotopes may bepocated into the samples metabolically,

enzymatically, or by a chemical reaction (Table 3).
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The Stable Isotope Labeling with Amino Acids in ICEUlture (SILAC) method is
based on metabolic incorporation of stable isotaqmagaining amino acids into the protein
sequence during cell culture cultivation in a medicontaining either light or heavy forms of
particular amino acids, e.g. leucine or arginined@t al. 2002; Blagoev et al. 2004). Owing
to the metabolic nature of the labeling, the SILAthod cannot be directly employed in
proteomic analyses aimed at plasma biomarker desgo¥owever, SILAC recently became
a basis for a novel combined strategy for biomaréentification called the Stable Isotope
Labeled Proteome (SILAP) method (Shah et al. 280@9¢t al. 2009). Briefly, a cell model of
the studied disease, i.e., pancreatic cancerioell is grown in a heavy form of the SILAC
cell culture medium. Labeled proteins from thesksdbat are secreted into the medium are
collected and subsequently combined with humannmasamples from patients suffering
from pancreatic cancer and with plasma from heattbgtrols. Due to the heavy isotope
labeling, proteins originating from the cell lineeaecognized in the mass spectrum as they
differ by a specific mass shift from the same prote plasma. The ratios of secretome versus
control plasma and secretome versus diseased plasthen compared, and proteins with
altered ratios may than be considered as candidaitieers, suitable for subsequent validation.

The next possible point in the shotgun proteomioskilow suitable for labeling is the
enzymatic digestion of proteins into peptides, sinertain proteases, e.g. trypsin, Glu-C, and
Lys-C, catalyze exchange of two oxygen atoms atGhermini of the peptides by two
oxygen atoms coming from solvent water during tection (Schnolzegt al. 1996). When
two protein samples to be compared are digestetd'fi0 and H*?0 separately, the resulting
peptides differ by 4 daltons (Da), which is suffici to recognize peptide pairs properly in the
mass spectrum (Hellet al. 2003; Havlis and Shevchenko 2004).

The incorporation of stable isotopes by a chemrealktion represents the largest

group of quantification methods. The very first wheal quantification method was the
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Isotope-Coded Affinity Tags (ICAT) approach, whidgh based on labeling cysteine-
containing peptides via their thiol groups. Ligmdaheavy ICAT labels also contain biotin;
therefore the labeled peptides can be isolatedywsiidin. Due to the fact that approximately
one quarter of all tryptic peptides contains cysteithe enrichment results in significant
reduction of the sample complexity (Lai al. 2005). But as majority of proteins contain at
least one cysteine in their structure, the inforamabn the originating protein is not lost (Gygi
et al. 1999). Cystein can be targeted also by other cdtees, such as those based on
acrylamide reaction (Faahal. 2008).

The majority of chemical quantification methodsdrmorate stable isotopes into the
peptides using a reaction of -NHyroups with succinimide derivates. To illustratbe
Isotope-Coded Protein Label Triple quadrupole (Qq@hybrid quadrupole-linear ion traps
(QTRAP) mass spectrometers used for this purpassedrto select only a specific precursor
peptide in the first quadrupole (Q1), which is tlieamgmented in the collision cell (Q2) and a
specific fragment is selected in the third quadtep¢Q3). (ICPL) method uses N-
nicotinoyloxysuccinimide and offers up to three wifecation channels (Schmidt al. 2005).
NH, groups may be also tagged by more stable and legsrexpensive chemistry based on
reductive alkylation using formaldehyde (Boerseehal. 2008). In theory, -NH2 groups-
targeted labeling covers all the peptides resultirmm a protein digest. A significant
bottleneck of these techniques emerges duringitapelt protein level because the altered
side chain of lysine is not recognized by trypsimd ahus incomplete cleavage occurs,
resulting in fewer and larger peptides. If one wisho preserve trypsin cleavage rather than
select another protease, other functional groupst itn@ tagged at protein level. In this case,
however, peptides lacking the target group do aatyoquantitative information. On the other
hand, by introducing the isolation/enrichment stefy or more frequently peptides carrying

the tag may be analyzed — lowering the sample cexitglas described in ICAT (Gygt al.
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1999) or NBS method (Matswbal. 2009).

Most of the labeling techniques are based on dfigatton at MS level, where the MS
spectra are searched for signals differing by &ipenz shift. The relative concentration of
a given peptide is then obtained by comparingrikensities of these corresponding signals.

MS-based quantification techniques enable analys& limited number of samples
simultaneously, whereas MSMS-based isobaric teciesigpffer a much higher number of
possible quantification channels. The isobariclahbeed in these techniques are composed of
a reactive group, a reported group, and a balagiamp. The sum of molecular weight of
these three parts is constant, therefore a lalmdetide is observed as a single peak in MS
mode. But as the individual reporter groups diffemolecular weight, the MSMS fragments
originating from these reporter groups are obsdevals distinct peaks. Relative peptide
concentration may be acquired by comparing the M3fig8al intensities of these reporter
groups.

The Tandem Mass Tags were the first published rolechnique (Thompsoet al.
2003). The Isobaric Tag for Relative and Absoluteaitation (iTRAQ) method, however,
has gained greater popularity, as it enables alysisaf up to four samples simultaneously
(Rosset al. 2004), the newest version even up to eight diffeeamples in one experiment
(Pierceet al. 2007). During the fragmentation in MSMS mode, tigorter group is released
from the modified peptides and can be observetiemmass spectrum as peaks 114.1, 115.1,
116.1 or 117.1 (Figure 5). Therefore, a tandem nspextrometer capable of detecting
MSMS fragments in lowrn/z range is mandatory. The acquired MSMS spectraised both
for peptide identification and for quantificatiowhere the reporter group signals are used to
calculate relative peptide concentrations in paldic samples and the remaining fragments
originating from the peptide backbone are usedpeptide identification. To obtain the

reporter ion signal in the spectrum, the reporteug has to be cleaved from the peptide
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properly. Our data show that the cleavage efficaagies based on the peptide structure.
Nevertheless, because the character of the bondeittical in all four or eight tags,
respectively, the cleavage efficacy from a particybeptide is also supposed to remain
constant.
3.3.2. Targeted shotgun proteomics

Until recently, MS has been used almost exclugif@l the identification of new potential
biomarkers, whereas the verification and validasteps were carried out by antibody-based
techniques. Recently, a paradigm shift has beerarapp as targeted tandem mass
spectrometry also known as Multiple Reaction Mariiig (LC-MRM-MSMS) is increasingly
being applied into both verification and validatiphases (Langet al. 2008). Interestingly,
this targeted approach has been also implementedmultistage strategies for biomarker
identification, due to excellent sensitivity andiguatial to precisely quantify target molecules
in complex samples. This is carried out by detgcsiignature peptides, which are unique for
a given protein, by LC-MRM-MSMS (Anderson and Hur2@06; Kitteringhanet al. 2009).
Triple quadrupole (QgQ) or hybrid quadrupole-linear traps (QTRAP) mass spectrometers
used for this purpose are set to select only aifsppcecursor peptide in the first quadrupole
(Q1), which is then fragmented in the collisionl ¢€12) and a specific fragment is selected in
the third quadrupole (Q3) (Figure 6). As this cyties only a few milliseconds, tens to
hundreds of different peptides may be detectedgarahtified in a targeted manner during a
single LC run. More importantly, the detection linior peptides in this configuration in
enhanced by up to 100-fold as opposed to unbiasedmlysis (Keshishiagt al. 2007). To
reliably confirm the identity of monitored peptidefull MSMS scan upon detecting a defined
MRM transition should be acquired (Unwin et al. 2P0By this means, the peptide is
precisely quantified by the respective chromatolgi@peak and confirmed by sequence

acquisition from the MSMS spectrum (Figure 7). Hwtual quantification is carried out by

27



plotting the intensity of Q3 fragment ions on times, which results in a chromatographic
peak. The most accurate way of quantifying amongersamples is realized by introducing a
synthetic internal standard peptide, containinggavly amino acid, into the analyzed sample.
As already described in previous chapters, thebeldd peptides follow their natural
counterparts during all steps of analysis, but gvima specific mass difference, they can be
easily distinguished by the mass spectrometer. gdak area of internal standard peptide,
where the precise concentration is know, is contptrehe peak area of peptide originating
from analyzed sample and finally, absolute conegiain may be calculated.

4. The Role of Proteomicsin Biomarker Candidates Verification

Regardless of the method used as the first stépedfiomarker discovery process, the
resulting candidate markers need to be furthemsitely proved and tested if they are to
become clinically used biomarkers. This is a miadtie process and can be regarded as an
analogy to the drug discovery pipeline. Startinghva large group of marker candidates, the
funnel-like process eliminates low-sensitive and-Epecific markers, resulting in a few final
candidate molecules. Proportionally to the candidaarker count reduction, the number of
tested samples grows steeply along with the projests (Rifaiet al. 2006) (Table 4).

After the first phase of the pipeline, the discgvehase, the resulting candidates need
to be further proved in the qualification phasegiider to confirm their differential abundance
in the tested samples. At this point, the unbias®dre of the analysis changes into a targeted
one. New and unproven candidates are analyzedairgated manner and precisely quantified
in a statistically viable number of serum or plassamples. Unfortunately, antibodies against
these newly discovered candidates are frequenthvailable, and substitutes for antibody-
based detection assays (i.e., Western blotting LdEA) have been sought in proteomics
methodologies. Therefore, the method of choicdig phase is LC-MRM-MSMS (Anderson

and Hunter 2006). As the sample preparation andegsing is much less extensive than in
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the discovery phase, the MRM sensitivity is limiteg the sample complexity. The limit of
quantification in undepleted plasma may reach layiml level (Addonaet al. 2009). To
quantify in the ng/ml range, depletion of ~10 mabundant plasma proteins is required
(Keshishianet al. 2007). A possible way to further increase the gremince of MRM is its
coupling to immunoaffinity peptide enrichment (Amslen et al. 2004a; Hoofnagleet al.
2008), which enhances both sensitivity and spetjifithus allowing analysis in complex
matrices with little or no fractionation. Howevérrequires a specific anti-peptide antibody to
be developed against each analyzed peptide. Otiibody-based approaches are unsuitable
at this point, due to their low throughput, e.g.edéérn blotting or high development costs
typical for immunoassays.

In the verification phase the specificity of carateb is addressed. The primary
objective of verification is to screen potentiabimiarkers to ensure that only the highest-
quality candidates from the discovery phase arentdkrward into pre-clinical validation.
This requires a larger number of tested sampleghnihcreases approximately by an order.
So as to maintain a moderate throughput, the irgdadidate list has to be reduced to a few
dozens. Immunoassays should be introduced at oims. The lack of high-quality antibodies,
however, hinders the fast development of antiboalsel assays, as highly specific antibodies
are not available for most novel biomarker candigafherefore, LC-MRM-MSMS presents
a compelling alternative to immunoassays, asdtnala moderate number of candidates to be
targeted at a relatively high throughput, withoutegd of an immunoassay development.

The final phase of the biomarker discovery proc#ss,validation phase, requires a
clinical assay to be developed and extensivelyetesin thousands of clinical samples. A
platform change is also required, as MS-based aphes are currently neither able to fulfill
the required combination of high throughput anccisien, nor are they widely available and

accepted by the FDA. Therefore, the developmena @uitable antibody-based assay is
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mandatory (Kingsmore 2006). To meet the requireasitigity, RIA or ELISA are the
methods of choice.
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Table 1. Overview of recent clinical applicatiorigpootemics in biomarker discovery projects

Resear ch Area and Proteomic platform and Validation method  Candidate markers Ref.
Usefulness
Membranous nephropathy - SDS-PAGE of glomeruli protein extract and Autoantibodies against phospholipaseréceptor  (Beck
diagnostic biomarkers Western blotting using human sera etal.
2009)
Hepatocellular Carcinoma 2D-PAGE of HepG2 cells extract and 11 immunoreactive protein spots were reactive (Looi
(HCC) - diagnostic biomarkers Western blotting using human sera only with HCC sera, among them HSP60 and  etal.
ELISA HSP70 2008)
Chronic inflammatory 2D-PAGE (DIGE) analysis of human CSF  Transferrina-1 acid glycoprotein 1, (Tuma
demyelinating polyneuropathy Nephelometry apolipoprotein A IV, haptoglobin, transthyretin, ni et
- diagnostic biomarkers retinol binding protein, proapolipoprotein, al.
integrin} 8 2009)
Lung adenocarcinoma — WGA lectin affinity chromatography, Adiponectin, ceruloplasmin, cyclin H, proto- (Hong
biomarkers for cancer 2D-PAGE (DIGE) analysis of human sera  oncogene protein kinase Fyn, vanin-2 (GPI- sachar
development and progression Western blot anchored 80-kDa glycoprotein), additional 34 tetal.
proteins 2009)
Colorectal cancer (CRC) - 2D-PAGE (DIGE) analysis of human tissue From 51 tissue protein spots associated with (Kim
diagnostic biomarkers samples development of CRC, S100A8 and S100A9 were et al.
Western blot found to be elevated in patients’ plasma 2009)
Hepatocellular carcinoma SELDI-TOF profiling of human sera Peak atr/z 13 391 identified as cystatin C, (Zinki
(HCC) — diagnostic biomarkers ELISA additional 10 peak signatures net
al.
2008)
Renal cell carcinoma — SELDI-TOF profiling of human sera Peak at m/z 8@fntified as eukaryotic initiation (Xu et
diagnostic biomarkers factor 2Bé subunit, additional 24 peak signatures al.
2009)
Melanoma — prognostic MALDI-TOF profiling of human sera Peak at/z 11 680, identified as serum amyloid A,(Finde
biomarkers in early-stage Unspecified immunoassay correlating with poor survival isenet
patients al.
2009)
Pancreatic cancer — diagnostic MALDI-TOF profiling of human sera Three peak signaturesratz 3194, 4055, 5959, (Fiedl
biomarker ELISA and platelet factor 4 represented by peak/at eret
7767 and its doubly charged variantdt 3884 al.
2009)
Hepatocellular carcinoma with  MALDI-TOF profiling of human sera Complement C3 fidp, complement C4a peptide (Gold
HCYV etiology — diagnostic and additional four peak signatures man
biomarkers etal.
2007)
Breast cancer— diagnostic and MALDI-TOF profiling of N-glycans released Eight glycan signatures characteristic for breast (Kysel
prognostic biomarkers from human plasma glycoproteins cancer ovaet
al.
2008)
Hepatocellular carcinoma MALDI-TOF profiling of N-glycans released Three glycan signaturesratz of 2473, 3242 and (Gold
(HCC) with HCV etiology — from human plasma glycoproteins 4052 man
diagnostic biomarkers etal.
2009)
Chronic allograft dysfunction ~ LC-MSMS (label free) analysis of human Uromodulin peptide SGSVIDQSRVLNLGPITR  (Quint
(CAD) - diagnostic biomarker urine peptides Kininogen peptide anaet
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Rheumatoid arthritis (RA) —

diagnostic biomarker

Dilated cardiomyopathy (DC) -
diagnostic biomarkers

Breast cancer — diagnostic

biomarkers

Pancreatic cancer - diagnostic

biomarkers

Preterm birth (PTB) —
screening biomarkers for

women at risk

Pancreatic cancer (PC) — early

diagnostic biomarkers

Endometrial cancer —

diagnostic biomarkers

Cardiovascular injury
biomarkers — previously known

markers or marker candidates

LC-MSMS based on Extracted lon
Chromatogram
LC-MSMS (label free) analysis of human

plasma peptides

2D-LC-MSMS (label-free) analysis of mouse
tissue

Western blot

LC-MSMS (label-free) analysis of mouse
tissue
MRM, ELISA and Western Blot

2D-LC-MSMS (SILAP) analysis of human
sera

ELISA

2D-LC-MSMS (SILAP) analysis of human
cell lines supernatant

MRM for validation in cervicovaginal fluid

LC-MSMS (stable isotope labeling of cystein

DLIATMMPPISPAPIQSDDDWIPDIQI, ions at  al.
m/z 645.59 and at/z 642.61 2009)
Peptides from 25 proteins found differently (Wei

abundant in patients with RA, peptides derived etal.
from thymosinB4 found among the most elevated 2008)

From 593 mouse tissue proteins associated with (Gram

development of DC, RTN4 protein found to be  olini
elevated in patients’ plasma etal.
2008)
Osteopontin and fibulin-2 confirmed as circulating(Whit
potential markers in mouse model eaker
etal.
2007)

ICAM-1 and BCAM were selected for validation (Yu et
from 121 proteins elevated by factor 1.5 in serumal.

2009)
From 15 candidates identified in cell line (Shah
supernatants mixture, desmoplakin isoform 1,  etal.
stratifin, thrombospondin 1 were confirmed 2009)
significantly elevated in PTB
Panel of five proteins discriminated between (Faca

residues using DO/D3 acrylamide) analysis ofpatients with PC and healthy individuals up to 13 et al.

mouse plasma

ELISA

2D-LC-MSMS (iTRAQ) analysis of human
endometrial tissue

MRM

MRM, ELISA

months prior to development of clinical symptoms2008)

From nine markers, pyruvate kinase and polymeri®eSo
immunoglobulin receptor were chosen for uzaet
subsequent verification and absolute quantificatioal.

2008;
DeSo
uzaet
al.

2009)
(Keshi

shian

CRP, MRP14, MPO, cTnT, cTnl, and NT-pfsB
were absolutely quantified in plasma using
etal.
2009)

internal standard.

Table 2. The most frequent staining methods (basediller et al. (Milleret al. 2006)).

Principle of Linearity for
Staining method Sensitivity MS compatibility
detection guantification
Coomassig” Blue G-250 colloidal Absorption ++ ++ +
Silver staining Absorption +++ + -[+
Syprad™ Ruby Fluorescence  +++ +++ +
CyDyes - DIGE staining Fluorescence ++++ ++++ +
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Table 3. Overview of stable isotope labeling methimdproteomics

ICAT Reductive
SILAC oo NBS ICPL T™MT iTRAQ
CICAT alkylation
Labeling Metabolic/ Enzymatic  Chemical Chemicg Chah Chemical Chemical Chemical
Proteins Proteins
Labeling level| Proteins Peptides Proteins Peptides Peptides Peptides
Peptides Peptides
Target amino N-terminus, N-terminus, | N-terminus, | N-terminus,
L, R K C-terminus C W
acid K K K K
Complexity
No No Yes No Yes No No No
reduction
Number of
2/3 2 2 2/3 2 2/3 2/6 4/8
channels
Quantification
MS MS MS MS MS MS MSMS MSMS
mode

Table 4. Individual phases of a biomarker discoy@pgline (Rifai et al. 2006)

Phase | Exploratory studies to identify candidasgkar molecules

Phase I Quialification — confirmation of differesitabundance in samples
Phase Ill | Verification — assess specificity of ddate molecules

Phase IV | Validation and clinical assay developmelairge scale studies
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L egendsto thefigures

Figure 1: SDS-PAGE gel of plasma samples procebgennmunoaffinity depletion on a
MARS Hu-14 column (Agilent). The first and thirdnkawas loaded with the bound fraction,
i.e. a fraction containing depleted high abundapo&teins. The second and fourth lane

present a plasma sample depleted from high abuedanteins.

250 kDg ==
150 kDa ===
100 kDa ==

75kDa ==

50 kDa ==

37 kDa ==

25 kDa ==

Figure 2: A) 2D-PAGE workflow: A complex proteinragle is applied onto an IPG strip and
the proteins are separated according to their [pgnT the strip is placed on top a SDS-PAGE
gel and the proteins are separated according toMW in second, perpendicular dimension.
After gel staining, protein spots of interest mag tut out, digested into peptides and
identified mostly by means of PMF approach. B) &roprofiling workflow: Crude sample is
applied onto a SELDI target modified by a speaficomatographic surface. After incubation

the unbound fraction is washed away. The SELDI ahigirectly analyzed using a SELDI-
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TOF mass spectrometer. A protein profile is obtdjreach protein being represented by a

peak with a corresponding m/z value. Note thatrmfttion on protein identity is missing and

cannot be obtained by this type of analysis. C)t@o proteomics workflow: A complex

protein sample is digested by a sequence spedifitegse into peptides. This mixture of

peptide may be optionally fractionated and sepdraftbe separated peptides are subjected to

MS analysis. First, the MS spectra are acquiredsabected peptides from these spectra are

fragmented. Resulting MSMS spectra are used fotigeedentification. A list of identified

peptides is then used in order to identify indiatprotein components of original sample.

Protein sample

Separation
according to pI

Separation
according to MW

Excision of protein
spots from the gel

&

Protein Accession # Species
*I Haptoglobin | IPI:IPI00641737.1 | H. sapiens
p
@ (\S@B Vitronectin IPI:IP100298971.1 | H. sapiens
Application*of IPG strip * Database searching
on top a PAGE gel Protein identification
\/
C
V| <&
T o |
%5 [ L1l v,
m/z
& i
(V)
MW J
©) s
m/z
/ v Peptide mass
'/ fingerprinting
/ & > IR
e MALDI-based
@ > 6 o) mass spectrometer
&

Digestion
into peptides
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Application of a =
protein sample v
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SELDI target 1717117111
Incubation @Y
171911111
Washing out e X
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proteins %@m@
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ionization
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Peptide mixture

A

‘-? 38 > s Hal:;léfion > ESI tandem
ClA o P mass spectrometry
DY’ " |
Fraction MALDI tandem ‘

R . ]
collecting mass spectrometry ‘ | \‘ ‘ : ﬂ
device T —

Individual peptide fragmentation 1‘
@ (MS/MS) , v 4
Protein sample .
‘G\S,MAT R| FlVic/a K, [HINJY L‘K
m/z m/z m/z
Protein name Accession humber | Species
< v »
% Alpha-1-antitrypsin | IP1:IP100790784.2 | H. sapiens
\
@ Haptoglobin IPI1:IPI00641737.1 | H. sapiens ¥
| ==
“SSS Vitronectin IPI:IP100298971.1 | H. sapiens P ‘ ‘ ‘ J ®
| |
Transthyretin IPI:IPI00855916.1 | H. sapiens l ‘ ‘m,z —

Database searching »
Protein identification

Figure 3: Representative MS profiling spectrum. Tsemples obtained from infection free
(shown in green) and infected (shown in red) anmitiid were acquired on a MALDI-TOF
mass spectrometer in linear mode and compared.r&@erearkedly altered peaks were

detected. Except the spectra, an alternative kgeiew is also shown.
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Figure 4. Stable isotope labeling approaches: Ajali@ic labeling: Two cell cultures are
grown in standard medium and a in medium contaitiegvy isotope labeled amino acids.
After cultivation, cells are combined and are amatyy as a single sample. B) Enzymatic
labeling: Two protein samples are digested by aisece specific protease in either light
(H,0') or heavy (HO'®) water. Samples may be combined afterwards antepsed as one.
C) Chemical labeling at protein level: Proteindvio samples to be compared are labeled by
ICAT reagents. After labeling, proteins are digdsteo peptides and combined. D) Chemical
labeling at peptide level: Protein samples are slege separately into peptides. After
digestion, each peptide sample is labeled by crmeagents, which have identical chemical
structure, but differ in stable isotope compositiéfter labeling, samples are combined and

analyzed.
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METABOLIC LABELING ENZYMATIC LABELING CHEMICAL LABELING CHEMICAL LABELING
AT PROTEIN LEVEL AT PEPTIDE LEVEL

¢ Digest ¢
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Figure 5: Representative iTRAQ MSMS spectrum: Atjepof m/z 2010.87 was selected
from a MS spectrum for fragmentation analysis. Tésulting MSMS spectrum is shown.
ITRAQ quantitation information can be read in the/Im/z region, as shown in the magnified
view. The intensity of each of the four peaks (11415.1, 116.1 and 117.1) reflects relative
concentration of the given peptide in individualifeamples which are to be compared. The
sequence EVQGFESATFLGYFK was successfully assigteedthe MSMS spectrum,

resulting in unambiguous identification of Isofothof Gelsolin precursor.
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Peptide sequence: EVQGFESATFLGYFK
Precursor m/z: 2010.87
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Figure 6: Multiple Reaction Monitoring scheme. Maggctrometers used for MRM are set to
select only a specific precursor peptide in thet fjuadrupole (Q1), which is then fragmented
in the collision cell (Q2), a specific fragmentdslected in the third quadrupole (Q3) and
detected. The intensity of the Q3 fragment is tipdoited in time, which results in a

chromatographic peak correlating with peptide anhauthe sample.

Q1 Q2 Q3
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Figure 7: MRM triggered MSMS. A confident MRM ass&yould be validated by confirming
the identity of the chromatographic MRM peaks bydiadnal acquisition of a MSMS
spectrum. The MRM trace shows two chromatograpbakp, each eluting at a different time

point. By acquiring a MRM-triggered MSMS spectrutime targeted earlier eluting signature
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peptide is unambiguously identified (upper MSMS ctpen), whereas the second peak

(lower MSMS spectrum) was proved to originate frawhifferent protein.
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