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Summary 

Ever since proteomics was proven to be capable of characterizing 

a large number of differences in both protein quality and 

quantity, it has been applied in various areas of biomedicine, 

ranging from the deciphering molecular pathogenesis of diseases 

to the characterization of novel drug targets and the discovery of 

potential diagnostic biomarkers. Indeed, the biomarker discovery 

in human plasma is clearly one of the areas with enormous 

potential. However, without proper planning and implementation 

of specific techniques, the efforts and expectations may very 

easily be hampered. Numerous earlier projects aimed at clinical 

proteomics, characterized by exaggerated enthusiasm, often 

underestimated some principal obstacles of plasma biomarker 

discovery. Consequently, ambiguous and insignificant results 

soon led to a more critical view in this field. In this article, we 

critically review the current state of proteomic approaches for 

biomarker discovery and validation, in order to provide basic 

information and guidelines for both clinicians and researchers. 

These need to be closely considered prior to initiation of a project 

aimed at plasma biomarker discovery. We also present a short 

overview of recent applications of clinical proteomics in 

biomarker discovery.  
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Introduction 
 

During the past decade, several groundbreaking 
discoveries in life science were made. The completion of 
sequencing the human genome certainly belongs to the 
key tasks successfully completed, representing a true 
milestone in biomedicine (Collins et al. 2004). Indeed, 
this has provided an important knowledge base, thus 
enabling rapid development in life science-oriented 
research, in such areas as prenatal and postnatal 
diagnostics, gene therapy, discovery of new drug targets, 
and development of personalized therapies (Workman 
2003, Lau and Leung 2005, Young et al. 2006, Rosa et 
al. 2008). The accomplishment of the complete genome 
also brings along a new, even more challenging task for 
scientists: the characterization of the human proteome.  

The term “proteome” was used first in 1994 and 
describes a set of all proteins expressed by a given genome 
(Wasinger et al. 1995). A more accurate definition, 
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emphasizing its dynamic nature, further specifies the 
proteome as a set of proteins in a given time and space, as 
its composition may vary from tissue to tissue or even from 
cell to cell. Furthermore, the structure of a proteome is 
dependent on a wide range of internal and external factors 
such as environment, age, sex, diseases, etc., which is in 
sharp contrast with the nature of the genome. 

A protein, the basic unit of a proteome, is a 
molecule composed of single amino acids, further 
forming secondary, tertiary, and quaternary three-
dimensional structures. Although the amino acid 
sequence is defined by the appropriate gene, the genetic 
information itself cannot provide the complete 
information about a protein. In contrast to the stable, 
rigid, single- dimensional genomic information based on 
a combination of four nucleotides, the information 
encoded in proteins is not exclusively limited to the 
amino acid sequence. Specific properties of proteins like 
various conformation states, posttranslational 
modifications, and alternative splicing demonstrate the 
multidimensionality, high variability, and dynamic nature 
of the proteomic information. This explains the high 
number of unique protein molecules, far exceeding the 
number of respective genes, particularly in eukaryotes. 

Proteomics, the main tool for proteome research, 
is a relatively new and extremely dynamically evolving 
branch of science, focused on the evaluation of gene 
expression at proteome level. Due to the specific 
properties of proteins mentioned above, current 
proteomics deals with different issues, such as protein 
identification, quantification, characterization of 
posttranslational modification, structure and function 
elucidation and description of possible interactions. The 
rapid development of proteomics was made possible by 
progress in analytical instrumentation, especially in mass 
spectrometry (MS) with the introduction of new, cutting-
edge types of mass spectrometers and improvements of 
soft ionization techniques. No less important are the 
advances in technologies and methodologies dealing with 
protein or peptide separation and sample complexity 
reduction, mainly in liquid chromatography and 
electrophoretic techniques. Bioinformatics is the third 
important foundation for advances in proteomics, as the 
ability to collect, store, process and visualize vast amount 
of data is crucial in extensive proteomics studies. 

Although genomic research dominated the area 
of biomedical research in the past decades, proteomics is 
increasingly gaining ground in leading scientific 
workgroups and in clinical research labs. One of the 

reasons driving this platform change is the fact that a 
protein pattern of a biological sample is much more 
accurately up to reflecting the current physiological state 
of an organism than is the genome, and thus holds great 
promise in biomedicine. 

 
Biomarkers 

 
Timely recognition of an ongoing pathological 

process is a crucial factor that influences a patient’s 
chances for successful treatment (Etzioni et al. 2003, 
Zhang et al. 2007b). To accelerate and facilitate the 
determination of diagnosis, current medicine strongly 
relies on the specialized assessment of certain molecules, 
where the concentration of these molecules in a 
biological sample more or less correlates with the 
occurrence of a given disease. Determination of the 
concentration change of such biomarkers may allow 
screening of high-risk individuals and detect disease at 
early, still well curable stages, as well as facilitate the 
prognosis prediction and monitoring of treatment 
response. The ultimate goal of implementing these 
biomarkers in routine clinical tests is the reduction of 
morbidity and mortality. Unfortunately, even with these 
tools, it is not always easy to realize the full potential of 
well-established markers (Andriole et al. 2009, Schroder 
et al. 2009).  

 
Requirements of an ideal biomarker 

According to the Food and Drug 
Administration (FDA), a biomarker is a characteristic 
that is objectively measured and evaluated as an 
indicator of normal biologic or pathogenic processes or 
pharmacological responses to a therapeutic intervention. 
It may be also defined as an in vivo derived molecule 
present at levels deviating significantly from the 
average in association with specific conditions of health 
(Atkinson et al. 2001, Zhang et al. 2007b). From a 
biochemical point of view a biomarker is often a 
protein, the presence or quantitative characteristics of 
which are measured mostly using methods based on 
monoclonal antibodies. An ideal biomarker should 
enable unbiased diagnosis determination, particularly in 
patients without specific symptoms. It should therefore 
fulfill several criteria, particularly high specificity 
towards the given disease and high sensitivity. A 
correlation of the biomarker level and the disease stage 
is also desirable (Guo et al. 2007). Ease of use, 
standardization, and clarity and readability of the results 
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for the clinician are all factors that further affect the 
biomarker performance in the clinical setting. 
Unfortunately, many of these requirements are not met 
by most of the potential and even approved and used 
biomarkers (Anderson 2005). In theory, every disease 
may be uncovered and characterized by its unique 
biomarker. To see this biomarker as a single molecule, 
however, is just one alternative. Rather than as a unique 
protein, a biomarker should be regarded as a panel of 
up- and down-regulated proteins or proteins with altered 
posttranslational modifications, which differ in diseased 
and normal state (Etzioni et al. 2003, Rifai et al. 2006).  

These facts along with the diagnostic potential of 
proteins and advances in proteomics technologies 
recently caused a significant increase of interest in 
biomarker research. These indicators hold great promise 
in early detection screening, disease progression 
monitoring, or in therapy efficiency evaluation, as new, 
more sensitive and specific markers are yet to be found 
(Etzioni et al. 2003, Veenstra et al. 2005, Hu et al. 2006, 
Hanash et al. 2008). To illustrate, we present some of 
recent studies dealing with biomarker discovery, which 
deserve particular attention because of clinical relevance 
or biological/methodical approach. These studies are 
summarized in Table 1. 

 
Biomarker sources 

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

The most important advantage of blood is its 
contact with virtually all cells of the organism. Due to 
specific secretion, shedding from the surface, or non-
specific leakage, tissue-related proteins are released into 
the blood stream (Zhang et al. 2007a). Therefore, 
pathologically affected cells with deregulated proteomes 
may create a specific “barcode” by disease-related 
proteins released into circulating blood. Besides the 

proteins originating from affected cells, the barcode is 
also represented by molecules resulting from organism 
response to the disease (Bijian et al. 2009). Therefore, 
this barcode includes high-abundance proteins, which 
can be readily analyzed using conventional techniques. 
Doubts have emerged, however, on whether these 
markers would be up to fulfill the criteria required for 
validation and pass all phases of testing. Except for 
intact proteins, the barcode also includes protein 
fragments due to proteases/peptidases deregulation. 
These are advantageously analyzed using MS profiling 
(Villanueva et al. 2006, Hashiguchi et al. 2009). 
However, the most interesting proteins originate from 
pathologically affected cells. Unfortunately, owing to 
the large blood volume, the final concentration of these 
diagnostically interesting proteins drops to about 
nanogram per milliliter (ng/ml) levels or even less 
(Anderson and Anderson 2002, Anderson et al. 2004b). 
To successfully analyze these compounds, sophisticated 
methods and specific procedures need to be 
implemented. 

Because changes in the plasma proteome are 
not solely caused by pathological processes, the 
preanalytical phase is a crucial part of the biomarker 
discovery workflow. Factors like age, circadian 
rhythms, stress, medication usage, physical activity, 
pregnancy etc., may also significantly influence the 
plasma protein profile. Therefore, all the preanalytical 
steps – patient preliminary, blood collection, sample 
transport and storage – need to be strictly standardized 
and monitored, in order to prevent the occurrence of 
random and disease-unrelated changes in the plasma 
proteome. Even minor deviations in the pre-analytical 
phase may lead to false conclusions of the analysis (Rai 
et al. 2005, Banks 2008, Govorukhina et al. 2009). To 
prevent such deviations, i.e., in blood collection, 
specialized products like the BD P100 blood collection 
set (BD Diagnostics, USA) have been developed for 
proteomic purposes, standardizing the collection 
procedure. Another crucial aspect, namely, the number 
of cases and controls enrolled for a study, should also be 
carefully considered, as an insufficient number of 
patients may easily lead to false results. For higher 
credibility, it is advantageous to include patients from 
multiple clinical centers. In this case, however, strict 
requirements on standardized sample processing need to 
be closely monitored, as variations in preanalytical steps 
may lead even to contradictory results (Fiedler et al. 
2009).  
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Table 1. Overview of recent clinical applications of protemics in biomarker discovery projects. 
 

Research area and 
usefulness 

Proteomic platform and 
validation method 

Candidate markers Ref. 

Membranous 
nephropathy – diagnostic 
biomarkers 

SDS-PAGE of glomeruli protein 
extract and Western blotting using 
human sera 

Autoantibodies against 
phospholipase A2 receptor 

(Beck et al. 
2009) 

Hepatocellular 
carcinoma (HCC) – 
diagnostic biomarkers 

2D-PAGE of HepG2 cells extract 
and Western blotting using human 
sera 
ELISA 

11 immunoreactive protein spots 
were reactive only with HCC 
sera, among them HSP60 and 
HSP70 

Looi et al. 
(2008) 

Chronic inflammatory 
demyelinating 
polyneuropathy – 
diagnostic biomarkers 

2D-PAGE (DIGE) analysis of 
human CSF 
Nephelometry 

Transferrin, α-1 acid 
glycoprotein 1, apolipoprotein 
A IV, haptoglobin, transthyretin, 
retinol binding protein, 
proapolipoprotein, integrin β 8 

Tumani et al. 
(2009) 

Lung adenocarcinoma – 
biomarkers for cancer 
development and 
progression 

WGA lectin affinity 
chromatography, 2D-PAGE 
(DIGE) analysis of human sera 
Western blot 

Adiponectin, ceruloplasmin, 
cyclin H, proto-oncogene protein 
kinase Fyn, vanin-2 (GPI-
anchored 80-kDa glycoprotein), 
additional 34 proteins 

Hongsachart 
et al. (2009) 

Colorectal cancer (CRC) 
– diagnostic biomarkers 

2D-PAGE (DIGE) analysis of 
human tissue samples 
Western blot 

From 51 tissue protein spots 
associated with development of 
CRC, S100A8 and S100A9 were 
found to be elevated in patients’ 
plasma 

Kim et al. 
(2009) 

Hepatocellular 
carcinoma (HCC) – 
diagnostic biomarkers 

SELDI-TOF profiling of human 
sera 
ELISA 

Peak at m/z 13 391 identified as 
cystatin C,  
additional 10 peak signatures 

Zinkin et al. 
(2008) 

Renal cell carcinoma –
diagnostic biomarkers  

SELDI-TOF profiling of human 
sera 

Peak at m/z 8937 identified as 
eukaryotic initiation factor 2B δ 
subunit, additional 24 peak 
signatures 

Xu et al. 
(2009) 

Melanoma – prognostic 
biomarkers in early-stage 
patients 

MALDI-TOF profiling of human 
sera 
Unspecified immunoassay 

Peak at m/z 11 680, identified as 
serum amyloid A, correlating 
with poor survival 

Findeisen et 
al. (2009) 

Pancreatic cancer – 
diagnostic biomarker 

MALDI-TOF profiling of human 
sera 
ELISA 

Three peak signatures at m/z 
3194, 4055, 5959, and platelet 
factor 4 represented by peak at 
m/z 7767 and its doubly charged 
variant at m/z 3884 

Fiedler et al. 
(2009) 

Hepatocellular 
carcinoma with HCV 
etiology – diagnostic 
biomarkers 

MALDI-TOF profiling of human 
sera 

Complement C3 peptide, 
complement C4a peptide and 
additional four peak signatures 

Goldman et 
al. (2007) 

Breast cancer – 
diagnostic and 
prognostic biomarkers 

MALDI-TOF profiling of N-
glycans released from human 
plasma glycoproteins 

Eight glycan signatures 
characteristic for breast cancer 

Kyselova et 
al. (2008) 
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Hepatocellular 
carcinoma (HCC) with 
HCV etiology – 
diagnostic biomarkers 

MALDI-TOF profiling of N-
glycans released from human 
plasma glycoproteins 

Three glycan signatures at m/z of 
2473, 3242 and 4052 

Goldman et 
al. (2009) 

Chronic allograft 
dysfunction (CAD) – 
diagnostic biomarker 

LC-MSMS (label free) analysis of 
human urine peptides 
LC-MSMS based on Extracted Ion 
Chromatogram 

Uromodulin peptide 
SGSVIDQSRVLNLGPITR 
Kininogen peptide 
DLIATMMPPISPAPIQSDDDW
IPDIQI, ions at m/z 645.59 and 
at m/z 642.61 

Quintana et 
al. (2009) 

Rheumatoid arthritis 
(RA) – diagnostic 
biomarker 
 

LC-MSMS (label free) analysis of 
human plasma peptides 
 

Peptides from 25 proteins found 
differently abundant in patients 
with RA, peptides derived from 
thymosin β4 found among the 
most elevated 

Wei et al. 
(2008) 

Dilated cardiomyopathy 
(DC) – diagnostic 
biomarkers 

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

From 593 mouse tissue proteins 
associated with development of 
DC, RTN4 protein found to be 
elevated in patients’ plasma 

Gramolini et 
al. (2008) 

Breast cancer – 
diagnostic biomarkers 

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

Osteopontin and fibulin-2 
confirmed as circulating 
potential markers in mouse 
model 

Whiteaker et 
al. (2007) 

Pancreatic cancer – 
diagnostic biomarkers 

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

ICAM-1 and BCAM were 
selected for validation from 121 
proteins elevated by factor 1.5 in 
serum 

Yu et al. 
(2009) 

Preterm birth (PTB) – 
screening biomarkers for 
women at risk 

2D-LC-MSMS (SILAP) analysis 
of human cell lines supernatant  
MRM for validation in 
cervicovaginal fluid 

From 15 candidates identified in 
cell line supernatants mixture, 
desmoplakin isoform 1, stratifin, 
thrombospondin 1 were 
confirmed significantly elevated 
in PTB 

Shah et al. 
(2009) 

Pancreatic cancer (PC) – 
early diagnostic 
biomarkers 

LC-MSMS (stable isotope labeling 
of cystein residues using D0/D3 
acrylamide) analysis of mouse 
plasma 
ELISA 

Five proteins discriminating 
between patients with PC and 
healthy individuals up to 13 
months prior to development of 
clinical symptoms 

Faca et al. 
(2008) 

Endometrial cancer – 
diagnostic biomarkers 

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

From nine markers, pyruvate 
kinase and polymeric 
immunoglobulin receptor were 
chosen for subsequent 
verification and absolute 
quantification  

DeSouza et al. 
(2008, 2009) 

Cardiovascular injury 
biomarkers – previously 
known markers or 
marker candidates 

MRM, ELISA CRP, MRP14, MPO, cTnT, 
cTnI, and NT-proBNP were 
absolutely quantified in plasma 
using internal standard. 

Keshishian et 
al. (2009) 
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Although the enormous complexity of blood as a 
factor reflecting the state of the whole organism may be 
regarded as an advantage, it may be also seen as a 
disadvantage from the analytical point of view. Indeed, 
blood plasma is an extremely rich mixture of proteins and 
peptides as well as proteins originating from 
microorganisms. Moreover, proteins may be represented 
in a number of various forms due to their 
posttranslational modifications or alternative splicing, 
which further greatly increases the diversity of the plasma 
proteome (Anderson and Anderson 2002). Although 
more than 9,000 plasma proteins have been identified so 
far, as reported by the HUPO consortium, this was 
achieved in a collaborative project of 35 laboratories 
(States et al. 2006). Unfortunately, this number of 
identified proteins is extremely hard to achieve in single-
laboratory settings. To illustrate, a more recent work led 
through very extensive fractionation of serum to the 
identification of 4,396 proteins in one study (Tucholska 
et al. 2009). The wide concentration range of plasma 
protein is another limiting factor, as the estimated 
concentration span exceeds 10 orders of magnitude 
(Anderson and Anderson 2002). This exceeds the 
dynamic range of any current analytical instrument or 
method. The questing for biomarkers thus presents a real 
challenge for plasma-based proteomics research, as these 
molecules are hidden among 20 very high-abundance 
proteins, representing ~ 99 % of total plasma protein 
(Veenstra et al. 2005).  
 
Addressing the problem of high-abundance proteins 

In present proteomic research, several methods 
have been introduced in order to solve some of the 
pitfalls associated with plasma analysis. One of the key 
points, often implemented as the first step of proteomic 
sample workflow, is the removal of ballast high-
abundance proteins with no diagnostic potential using 
immunoaffinity depletion (Tam et al. 2004, Echan et al. 
2005, Huang and Fang 2008). This approach takes 
advantage of immobilized polyclonal antibodies to 
remove a portion of high-abundance proteins. These 
antibodies are designed to bind defined proteins and their 
isoforms, allowing the removal of up to ~ 95 % of total 
plasma protein, which results in significant reduction of 
complexity and dynamic range (Fig. 1). This may lead, in 
turn, to a higher number of identified proteins, improved 
sequence coverage, and more accurate protein 
quantification (Chromy et al. 2004, Tam et al. 2004, 
Huang et al. 2005b). The depletion step is subsequently 

included in the validation phase as well, as it enables 
adequate sample loading (Kim et al. 2009). This 
approach, however, brings along certain disadvantages, as 
some of the high-abundance proteins, albumin in 
particular, are known to act as carrier molecules for other 
proteins, possibly with diagnostic potential. Thus, by 
removing the carrier proteins, these potentially interesting 
molecules may be lost as well (Huang et al. 2005a, Liu et 
al. 2006). 

 
 

 
 
Fig. 1. SDS-PAGE gel of plasma samples processed by 
immunoaffinity depletion on a MARS Hu-14 column (Agilent). The 
first and third lane was loaded with the bound fraction, i.e. a 
fraction containing depleted high abundance proteins. The 
second and fourth lane present a plasma sample depleted from 
high abundance proteins. 
 
 

Peptide libraries present an alternative solution 
for dynamic range reduction. Instead of removing a 
portion of high-abundance proteins, the peptide libraries 
equilibrate concentration of plasma proteins to a similar 
level. Microscopic beads are covered with a library of 
hexapeptides prepared using combinatorial synthesis 
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from common amino acids (Thulasiraman et al. 2005, 
Righetti et al. 2006, Righetti and Boschetti 2007, Sennels 
et al. 2007). This results in millions of bead populations, 
each population carrying a unique peptide sequence. 
Based on probability, the majority of plasma proteins is 
supposed to find a binding partner. After the binding 
capacity of a particular bead population is saturated, the 
remaining portion of the given protein cannot bind any 
more and is washed out. The proteins are then eluted 
from the beads and further analyzed. However, due to the 
nature of this method, the differences in protein 
concentration are smoothed among individual samples 
after saturating the capacity, and only low-abundance 
proteins that are not up to saturate the beads may be 
quantified among more samples without employing a 
method based on stable isotope labeling (Roux-Dalvai et 
al. 2008). 
 
Mining the plasma glycoproteins 

The glycosylation of proteins is known to be 
aberrant in different disease states, especially in cancer 
(Spiro 2002, Brooks et al. 2008). In addition, most of the 
proteins localized at the surface or secreted by cells are 
glycosylated. Therefore, disease-related glycoproteins, 
either actively secreted, or passively shed or leaked from 
the cells due to cellular damage or death, are likely to 
occur in the blood stream. Unsurprisingly, numerous 
clinically used protein markers are glycosylated, such as 
PSA, CA125, and CEA (Kui Wong et al. 2003, Comegys 
et al. 2004, Ludwig and Weinstein 2005, Tajiri et al. 
2008). Hence, glycoproteomics has been attracting 
considerable attention in the biomarker discovery field 
because suitable technologies and methods for 
glycoproteomic analysis have emerged. With respect to 
techniques used for this purpose, two approaches can be 
identified. Lectin affinity chromatography is capable of 
enriching glycosylated proteins from complex matrices 
by interaction with various types of lectin without 
destroying the glycan part, leaving it available for 
analysis (Mechref et al. 2008). During the second 
alternative approach, covalent capturing of glycoproteins/ 
glycopeptides, the oxidized glycan moiety is covalently 
bound to hydrazide solid phase support. The protein/ 
peptide backbone can be released by enzymatic cleavage 
from the glycan part and analyzed. The glycan part 
cannot be recovered from the hydrazide resin and is 
therefore unavailable for analysis using this approach 
(Tian et al. 2007). 
 

Proximal fluids and tissue 
Proximal fluids as a source of biomarkers 

present a compelling alternative to blood. Although 
proximal fluids are not as representative as blood, their 
expedience increases if the nidus of a disease is in close 
contact with the particular body fluid, i.e., urine may be a 
prospective source of kidney diseases biomarkers 
(Quintana et al. 2009), or cerebrospinal fluid for central 
nervous system diseases (Tumani et al. 2009). The 
anticipated biomarker molecules are present in a 
significantly higher concentration than in body fluids. 
Moreover, if a disease-specific marker is found in tissue, 
targeted approaches may be introduced to assess its 
presence in body fluids as described further in this article 
(Schiess et al. 2009). Unfortunately, the accessibility of 
tissue specimens or some of the proximal fluids is mostly 
more complicated compared to collection of blood and 
may present a level of risk for the patient. Analysis of 
both tissue and proximal fluids from an animal model of 
the respective disease may be an option, as these are 
much more easily obtainable and results from these 
studies may be then translated to human analogues of the 
disease (Whiteaker et al. 2007, Gramolini et al. 2008). 

 
Multistage strategies 

Direct analysis of human plasma is just one of 
many possible ways to seek for new markers. The major 
obstacles to direct biomarker discovery in plasma – 
enormous complexity and high concentration range – 
recently caused several new strategies to emerge (Schiess 
et al. 2009). These are generally divided into multiple 
parts. First, diseased and control biological samples with 
anticipated concentrations of potential markers higher 
than in plasma are compared. These might include model 
cell lines, affected tissue samples, and proximal fluids 
(Kulasingam and Diamandis 2008). Apart from the fact 
that potential markers are present in higher amounts in 
these sources than in plasma, the overall protein 
concentration range in cells is lower than in blood, and 
proteomic analysis of these sources results in higher 
proteome coverage. Even an animal model may be used, 
as the diseased and control animals are precisely defined 
and their genetic backgrounds are alike in all respects 
(Whiteaker et al. 2007, Gramolini et al. 2008). Along 
with the ability to grow a human cancer tissue in the 
animal host, subsequent analysis allows differentiation of 
cancer tissue-released proteins from host response 
proteins (Bijian et al. 2009). These are all ways of 
identifying more specific and sensitive potential 
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biomarkers. These candidate markers are subsequently 
targeted in plasma and if their presence is confirmed, then 
they are simultaneously precisely quantified using 
targeted mass spectrometry, as described in respective 
section of this article.  

An interesting approach based on identification 
of glycosylated cell surface proteins was published 
recently (Wollscheid et al. 2009). By this means, it is 
possible to precisely describe the cell surface proteome. 
Subsequently, these proteins are targeted using targeted 
proteomics in human plasma as the cell surface proteins 
are released into the blood stream upon cellular death or 
damage. The major drawback of this workflow is the 
requirement of a suitable representative tissue sample or 
cellular model of a disease, which is not always available. 

Proteomic approaches for plasma analysis 
 
Currently, there are three primary approaches 

available in biomarker discovery projects (Fig. 2A-C). 
Each of these methods offers unique advantages but also 
suffers from specific and often substantial drawbacks. 
Therefore, one should keep in mind that none of these 
techniques is ideal and a thorough discussion is crucial 
prior to selecting the definitive approach. Even though 
these three methods are fundamentally distinct, a 
common denominator for all three is the application of 
mass spectrometry. Therefore, we present a brief 
description of this key technique.  

In principle, mass spectrometry as an analytical 
technique enables accurate measurements of molecular 

 
 
Fig. 2A. 2D-PAGE workflow: A complex protein sample is applied onto an IPG strip and the proteins are separated according to their pI. 
Then, the strip is placed on top a SDS-PAGE gel and the proteins are separated according to their molecular weight (MW) in second, 
perpendicular dimension. After gel staining, protein spots of interest may be cut out, digested into peptides and identified mostly by 
means of PMF approach.  
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weights of individual components in a given sample. A 
mass spectrometer comprises three major parts: ion 
source, analyzer, and detector. During a typical MS 
experiment, sample molecules are ionized and converted 
into gas phase in the ion source, separated according to 
their mass to charge ratio in the analyzer, and finally 
detected by the detector. As for individual segments, the 
most commonly used ion sources in proteomics are 
Matrix-Assisted Laser Desorption/Ionization (MALDI) 
and Electrospray Ionization (ESI). In a MALDI source, 
analyte molecules are ionized from solid state by a pulsed 
laser beam, whereas an ESI source ionizes dissolved 
molecules by spraying them in an extremely fine beam 
directly into a mass analyzer. For individual types, the 
commonly used analyzers in proteomics are time-of-
flight (TOF), quadrupole (Q), ion trap (IT), Fourier 
transform ion cyclotron resonance (FT-ICR), and 
Orbitrap. These might be used either singly or in a 
tandem configuration. In tandem mass spectrometry 
(MSMS), multiple steps of mass analysis can be 
performed with individual analyzers separated in space or 
in a single analyzer with steps separated in time. In 
MSMS separated in space, analyzers are physically 
separated, but are tightly connected in order to maintain 
vacuum. This configuration is used in the following 
instruments: Q-TOF, TOF-TOF, Triple Quadrupole, etc. 
MSMS in time, on the other hand, can be performed with 
ions trapped in the same place, with individual analysis 
steps carried out over time. Ion traps or FT-ICRs can be 
used for this purpose. 

 
Two-dimensional polyacrylamide gel electrophoresis 

The very first method employed in 
comprehensive proteomic experiments was the two-
dimensional polyacrylamide gel electrophoresis  
(2D-PAGE) (Fig. 2A). The proteins are separated in a gel 
matrix based on two independent physicochemical 
properties of each protein: isoelectric point (pI) and 
molecular weight (MW) (O'Farrell 1975, Gorg et al. 
2004, Carrette et al. 2006). By a combination of these 
two features, a high-resolution separation of proteins may 
be readily achieved. 

The protein mixture is separated using 
isoelectric focusing (IEF) according to the pI of the 
proteins in the first dimension. The IEF is carried out on 
commercial gel strips with an immobilized pH gradient 
(IPG) strips (Bjellqvist et al. 1982). The IPG strips 
containing focused proteins are incubated with sodium 
dodecyl sulphate (SDS), a detergent that covers the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2B. Protein profiling workflow: Crude sample is applied onto 
a SELDI target modified by a specific chromatographic surface. 
After incubation the unbound fraction is washed away. The 
SELDI chip is directly analyzed using a SELDI-TOF mass 
spectrometer. A protein profile is obtained, each protein being 
represented by a peak with a corresponding m/z value. Note that 
information on protein identity is missing and cannot be obtained 
by this type of analysis.  
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proteins with a negative charge. After incubation, the IPG 
strips are placed on top of the SDS polyacrylamide slab 
gels, and the proteins are separated based on their MW in 
the second, perpendicular dimension (Laemmli 1970). 
This results in a two-dimensional protein map, where the 
proteins can be visualized using various approaches.  

Conventional staining protocols include 
CoomassieTM Blue G-250 and R-250 dyes (Neuhoff et al. 
1988, Candiano et al. 2004), or a color reaction based on 
silver ions reduction of ionic to metallic silver onto the 
protein surface (Rabilloud et al. 1994, Chevallet et al. 
2008). Increasingly popular fluorescent dyes, e.g. 
SyproTM Ruby (Berggren et al. 2000) and Deep PurpleTM 
formerly known as Lightning Fast, (Mackintosh et al. 
2003) offer ameliorated sensitivity and linearity for 
quantification compared to classic staining agents. The 
Differential Gel Electrophoresis (DIGE) employs three 

fluorescent dyes (Cy2, Cy3, and Cy5) for covalent 
protein labeling prior to 2D-PAGE. Due to their identical 
physicochemical properties in regard of pI and MW, 
labeled proteins are run on the same gel simultaneously. 
However, due to different excitation and emission 
wavelengths of the dyes, a unique 2D protein map can be 
acquired for each protein sample loaded on the gel (Unlu 
et al. 1997). When choosing the appropriate staining 
protocol, factors like sensitivity, dynamic linearity, and 
compatibility with MS analysis should be taken into 
consideration (Miller et al. 2006, Berth et al. 2007) 
(Table 2). Subsequently, the stained gels are digitalized 
and evaluated by means of specialized software enabling 
quantification of proteins via comparison of the intensity 
of stained spots (Berth et al. 2007). This final step is 
crucial, as any variance in image processing may lead to 
false results, mostly in quantification (Stessl et al. 2009). 

 
Fig. 2C. Shotgun proteomics workflow: A complex protein sample is digested by a sequence specific protease into peptides. This
mixture of peptide may be optionally fractionated and separated. The separated peptides are subjected to MS analysis. First, the MS
spectra are acquired and selected peptides from these spectra are fragmented. Resulting MSMS spectra are used for peptide
identification. A list of identified peptides is then used in order to identify individual protein components of original sample. 
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The separated protein spots are identified on a 
mass spectrometer, mostly using the peptide mass 
fingerprinting method (PMF) (Shevchenko et al. 1996, 
Henzel et al. 2003). A gel piece containing an isolated 
protein is excised and enzymatically digested by trypsin 
or any other sequence specific protease, resulting in a 
mixture of peptides. A MS spectrum is acquired, each 
peptide being represented by its mass-to-charge ratio 
(m/z) value. The recorded m/z values are compared with 
theoretical values and in case of a match, a protein is 
assigned to a spectrum with certain probability, according 
to the Mowse scoring algorithm (Pappin et al. 1993). The 
theoretical m/z values are obtained by in silico translation 
of DNA sequences of genes into proteins, from which 
theoretical proteolytic peptide masses are computed. If a 
spectrum fails to provide sufficient data for confidential 
protein identification, a tandem spectrometer may be 
used, as this type of instrument enables direct acquisition 
of a peptide sequence (Thiede et al. 2005). 

Several hundreds to a few thousands of protein 
spots may be separated on a single 2D-PAGE gel. This 
approach is one of the most suitable for separating 
isoforms of identical proteins. Also, the expenditure for 
the required equipment and chemicals is relatively low. 
However, the main drawbacks of 2D-PAGE include 
reproducibility issues, time and labor intensiveness of the 
process, and imperfect separation of protein in both pI 
and MW extremities and of hydrophobic proteins. A 
partial solution to the reproducibility and dynamic range 
problems may be achieved using the DIGE approach, 
solving also problems regarding the low dynamic range 
of conventional staining methods. 

Although the 2D-PAGE method has been 
applied to numerous projects for biomarker discovery, the 
proteins with altered concentration belong mostly to the 
group of high-abundance proteins (Tumani et al. 2009). 
However, if specific fraction or enrichment methods are 
employed during the sample processing workflow, even 

tissue-derived proteins may be detected using this 
approach (Hongsachart et al. 2009). Nonetheless, gel-
based techniques may bring substantial results in a very 
specific field of biomarkers, namely autoantibodies that 
act as markers. In autoimmune diseases or in cancers 
autoantibodies are often found to be targeted against own 
cellular proteins (Bazhin et al. 2009). In this case, the 
strategy of searching for biomarker is far different from 
those described above, as the marker itself is an 
immunoglobulin and the task is to determine against 
which antigen it is targeted. The strategy is to perform 
Western blotting of affected tissue proteins by using 
imunoglobulins from the sera of patients. Although 
protein-antibody arrays currently dominate this area, 
conventional gel-based proteomic methods can still bring 
significant results (Looi et al. 2008, Beck et al. 2009). 
 
Proteomic profiling (Fig. 2B) 

Direct MS analysis of a sample may provide 
rapid insight into its protein profile. An instrument based 
on MALDI-TOF in linear configuration is ideal for this 
purpose, as it enables an acquisition of wide m/z range. 
By this approach, protein profiles of samples may be 
quickly compared, resulting in a list of differentially 
concentrated protein peaks (Fig. 3). However, due to the 
complexity of biological samples, the majority of low-
abundance proteins remain undetected. This issue is 
partially solved by sample prefractionation on a carrier, 
covered by various chromatographic surfaces. These bind 
only the desired subset of proteins and the corresponding 
protein profile is then acquired using a mass spectrometer 
directly from these carriers. This approach is also known 
as Surface-Enhanced Laser Desorption/Ionization time-
of-flight mass spectrometry (SELDI-TOF MS) 
(Dattelbaum and Iyer 2006, Poon 2007). Currently, a 
variety of chemical and biochemical surfaces is at 
disposal, enabling analysis of a wide range of protein 
subgroups. Analogous analyses may be also performed 

Table 2. The most frequent staining methods (based on Miller et al. 2006). 
 

Staining method 
Principle of 

detection 
Sensitivity 

Linearity for 
quantification 

MS compatibility

CoomassieTM Blue G-250 colloidal Absorption ++ ++ + 
Silver staining Absorption +++ + –/+  
SyproTM Ruby Fluorescence +++ +++ + 
CyDyes - DIGE staining Fluorescence ++++ ++++ + 
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on a MALDI-TOF instrument, but the sample 
prefractionation has to be performed separately, i.e., 
using magnetic beads modified by various 
chromatographic surfaces, similar to those on SELDI 
carriers, or using column devices filled with 
chromatographic phases. This configuration enhances 
sensitivity, as the surface of beads is higher compared to 
those of SELDI targets. Due to the poor analytical 
performance of SELDI-TOF instruments, researchers 
experienced in mass spectrometry prefer alternatives 
based on MALDI-TOF technology for biomarker 
discovery applications (Villanueva et al. 2004, Callesen 
et al. 2009). 

Compared to 2D-PAGE, a SELDI-TOF analysis 
requires a much lower amount of sample, which may be 
in addition applied directly onto the target, without 
extensive preparation. Also, this technique is remarkably 
fast and high-throughput. Nevertheless, the SELDI-TOF 
approach suffers from some major drawbacks, including 
low spectra resolution and low accuracy. In addition, 
concerns about reproducibility discourage MS profiling 
from becoming a routine proteomic tool prior to 
addressing standardization of preanalytic and analytic 
factors (Banks 2008, Bruegel et al. 2009, Callesen et al. 
2009). Furthermore, the absence of means for precise 
protein identification in SELDI-TOF limits the 
information about a biomarker candidate protein to just 
its m/z value in most cases. Although publications 
presenting just these limited data on candidate markers 
keep emerging, proteins/peptides defined just by m/z are 
worthless for diagnostic applications because their 
unknown identity hinders further validation by 

independent orthogonal methods. Limited or no options 
for this validation step further increase controversy and 
skepticism currently associated with this approach. Even 
though the SELDI-TOF technique or profiling based on 
MALDI-TOF instrument shows some disease-related 
changes in plasma, these occur mainly among the higher-
abundance proteins (Hu et al. 2006, Findeisen et al. 
2009). Due to their low specificity, however, these would 
unlikely pass the validation for a disease-specific 
biomarker. On the other hand, as the profiling approach 
focuses on low m/z segment, disease-specific low-
molecular weight fragments may be detected in plasma as 
certain pathologies are characterized by profound 
deregulation in proteases/peptidases activities 
(Villanueva et al. 2006, Goldman et al. 2007, Hashiguchi 
et al. 2009). Another area where the profiling strategy can 
be advantageously employed involves analysis of glycans 
from glycoproteins. As already mentioned, the 
glycosylation pattern of proteins is known to be aberrant 
in different diseases. One of the methods shown to be 
able to uncover disease-specific changes in glycosylation 
is MALDI profiling of N-glycan moieties released from 
plasma/serum glycoproteins. This method has been 
proved to be well reproducible (Wada et al. 2007). To 
date, sera from various cancer patients have been tested 
using this approach (Kyselova et al. 2008, Goldman et al. 
2009). Although this approach seems to be very 
promising, as it has been shown to be able to distinguish 
individual cancer stages (Kyselova et al. 2008), concerns 
have been raised on how to identify the parent 
glycoproteins, allowing further validation. 

 

 
 

Fig. 3. Representative MS 
profiling spectrum. Two samples 
obtained from infection free 
(shown in green) and infected 
(shown in red) amniotic fluid 
were acquired on a MALDI-TOF 
mass spectrometer in linear 
mode and compared. Several 
markedly altered peaks were 
detected. Except the spectra, an 
alternative gel-like view is also 
shown.  
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Shotgun proteomics (LC-MSMS) (Fig. 2C) 

The combination of liquid chromatography (LC) 
and MS allows detection of proteomes with greater depth, 
dynamic range, and enhanced accuracy of quantification 
than when using one-dimensional profiling techniques 
that record all ions in a single mass spectrum. The 
shotgun approach is closely linked to advances and 
progress in MSMS. A tandem mass spectrometer is an 
instrument capable of isolating a precursor ion, 
fragmenting it, and detecting resulting fragments (Domon 
and Aebersold 2006). 

During a typical shotgun experiment, a protein 
mixture of various complexity is cleaved by a sequence-
specific protease first. The most commonly used protease 
in proteomics is trypsin that cleaves a typical protein into 
several tens of peptides. Therefore, in case of analyzing a 
complex protein sample, a huge amount of different 
tryptic peptides raised from trypsin digestion disallows a 
direct MS analysis similar to the PMF method. Therefore, 
the resulting peptide mixture has to be separated, mostly 
by high performance liquid chromatography (HPLC), 
prior to analysis on a tandem mass spectrometer. These 
two systems may be connected either on-line, where the 
HPLC capillary flows directly into the ESI ionization 
source, or off-line, using a fraction collecting device. This 
device collects the peptides eluting from a HPLC system 
in time-dependent fractions directly onto a MALDI target 
plate (Bodnar et al. 2003). Alternatively, a continuous 
elution trace may be deposited onto the MALDI plate, 
which results in increased chromatographic resolution, 
comparable to that of ESI-based MS instruments (Chen et 
al. 2005). 

The mass spectrometer first acquires a MS 
spectrum of intact peptides, from which candidates are 
selected for fragmentation. In case a peptide meeting 
specific requirements on its intensity and charge is 
detected, this peptide precursor is isolated from the 
others, fragmented, and the resulting fragments then 
provide a MSMS spectrum. Information acquired from 
both MS and MSMS spectra is used to identify of the 
proteins in the original mixture (Nesvizhskii 2006). At 
present, several searching tools and algorithms are 
available. Most of these tools are based on the precursor 
approach (Mascot, Sequest), which uses the precursor 
mass value as the main search criterion (Clauser et al. 
1999) and takes both MS and MSMS spectra equally into 
consideration. On the other hand, the sequence tag 
approach is based on partial de novo peptide sequencing 
and uses mainly the acquired MSMS spectra (Mann and 

Wilm 1994). 
The most common peptide separation scheme 

nowadays is based on HPLC, using a stationary C18 
reversed phase (RP) column providing excellent 
resolution. Along with good separation efficiency, an 
additional advantage of this method is the use of solvents, 
which do not inhibit either ESI or MALDI type of 
ionization (Mitulovic and Mechtler 2006). However, a 
single dimension RP HPLC is not powerful enough to 
resolve a mixture of hundreds or thousands of various 
peptides resulting from an enzymatic digestion of a 
complex protein mixture like plasma (Gilar et al. 2009). 
Therefore, various fractionation and separation methods 
are combined to simplify the analyzed mixture as much 
as possible. One of these combined schemes incorporates 
a strong cation-exchange chromatography (SCX) HPLC 
prior to the RP HPLC. This approach was denoted as 
Multidimensional Protein Identification Technology 
(MudPIT) (Wolters et al. 2001). Alternatively, SCX 
HPLC in the first dimension may be replaced by RP 
HPLC in basic conditions (Gilar et al. 2009) or even by 
IEF of peptides providing at least comparable 
fractionation efficiency (Essader et al. 2005). The GeLC-
MSMS method combines a SDS protein electrophoresis 
followed by gel cutting, protein digestion and RP HPLC 
separation of the resulting peptides (Schirle et al. 2003). 
The HUPO Plasma Proteome Project data unambiguously 
showed that the shotgun approach using these 
multidimensional separation methods leads to a much 
higher number of identified proteins than does the 2D-
PAGE approach (Omenn et al. 2005). Also, a 
combination of various fractionation and separation 
methods leads to partially redundant sets of identified 
proteins. In general, the more orthogonal methods are 
combined, the higher the number of identified proteins. 
On the other hand, along with the fraction count, the 
analysis lengthens proportionally and the procedure 
becomes more error prone (Hoffman et al. 2007). 
 
Quantitative shotgun proteomics 

The main goal of former shotgun proteomic 
studies was mainly protein identification. However, 
advances in mass spectrometry and bioinformatics 
enabled a focus shift towards quantitative and 
comparative analyses where a comparison of mutual 
protein concentrations in particular samples becomes 
possible, e.g., affected cell line versus negative control, 
patients with a specific disease versus healthy donors, etc. 
Two main quantification strategies are available at 



484   Tambor et al. Vol. 59 
 
 

present: label-free quantification and quantification based 
on stable isotope labeling.  

 
Label-free quantification 

The label-free approach is based on comparison 
of MS signal intensities between individual experiments 
(Bondarenko et al. 2002). Semi-quantification is also 
possible to some extent by counting the number of 
peptides unambiguously identified (Ishihama et al. 2005). 
This method has several evident advantages and possible 
applications. The labeling step can be omitted, which 
both shortens and cheapens the experiment. The number 
of samples to be compared is virtually unlimited, which 
cannot be rivaled by any of the stable isotope based 
methods. Also, the spectral complexity is not increased, 
which could in turn lead to a higher number of identified 
proteins. Last but not least, label-free approaches are able 
to quantify throughout a much broader dynamic 

concentration range than stable isotope-based methods 
can. However, as different peptides ionize differently 
during individual experiments, their intensities may vary 
from run to run, making it rather difficult to correctly 
quantify them. Therefore, label-free methods are the least 
accurate, which is caused by the influence of both 
systematic and random errors during the experiment 
(Bantscheff et al. 2007). Nevertheless, techniques to 
overcome these shortcomings using bioinformatics and 
specialized software were suggested recently (Cox and 
Mann 2008). Thus, label-free quantitative proteomics 
particularly in combination with high resolution mass 
spectrometry (FT-ICR, Orbitrap) is regarded as a 
promising way to quantify large sets of samples even 
across multiple laboratories. 

 
Labeling based on stable isotopes 

Stable isotope strategies were introduced to deal 

 
Fig. 4. Stable isotope labeling approaches. Metabolic labeling: Two cell cultures are grown in standard medium and a in medium
containing heavy isotope labeled amino acids. After cultivation, cells are combined and are analyzed as a single sample. Enzymatic 
labeling: Two protein samples are digested by a sequence specific protease in either light (H2O16) or heavy (H2O18) water. Samples 
may be combined afterwards and processed as one. Chemical labeling at protein level: Proteins in two samples to be compared are 
labeled by ICAT reagents. After labeling, proteins are digested into peptides and combined. Chemical labeling at peptide level: 
Protein samples are digested separately into peptides. After digestion, each peptide sample is labeled by chemical reagents, which have
identical chemical structure, but differ in stable isotope composition. After labeling, samples are combined and analyzed. 
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with the ionization variability of peptides and effect of 
errors during the workflow (Fig. 4). The samples to be 
compared can be mixed together and analyzed as a single 
one, whereas the combination of samples should be 
carried as soon as possible in the workflow. To 
distinguish the samples mixed during the analysis, they 
first need to be labeled with reagents containing stable 
isotopes, e.g. 12C/13C, 14N/15N, 16O/18O (Putz et al. 2005, 
Bantscheff et al. 2007). The proteins or peptides labeled 
with a substance of identical chemical structure 
containing stable isotopes will behave equally during all 
steps of the experiment since they have identical 
physicochemical (most importantly ionization and 
chromatographic) properties, but owing to a specific mass 
difference in their m/z, they can be simply recognized by 
a mass spectrometer. The quantification is then based on 
comparison of signal intensities, which differ by a 
specific molecular mass shift. Based on the nature of the 
sample, a broad range of quantification methods is at 
disposal. Stable isotopes may be incorporated into the 
samples metabolically, enzymatically, or by a chemical 
reaction (Table 3). 

The Stable Isotope Labeling with Amino Acids 
in Cell Culture (SILAC) method is based on metabolic 
incorporation of amino acids containing stable isotopes 
into the protein sequence during cell culture cultivation in 
a medium containing either light or heavy forms of 
particular amino acids, e.g. leucine or arginine (Ong et al. 
2002, Blagoev et al. 2004). Owing to the metabolic 
nature of the labeling, the SILAC method cannot be 
directly employed in proteomic analyses aimed at plasma 

biomarker discovery. However, SILAC recently became 
a basis for a novel combined strategy for biomarker 
identification called the Stable Isotope Labeled Proteome 
(SILAP) method (Shah et al. 2009, Yu et al. 2009). 
Briefly, a cell model of the studied disease, i.e., 
pancreatic cancer cell line, is grown in a heavy form of 
the SILAC cell culture medium. Labeled proteins from 
these cells that are secreted into the medium are collected 
and subsequently combined with human plasma samples 
from patients suffering from pancreatic cancer and with 
plasma from healthy controls. Due to the heavy isotope 
labeling, proteins originating from the cell line are 
recognized in the mass spectrum as they differ by a 
specific mass shift from the same protein in plasma. The 
ratios of secretome versus control plasma and secretome 
versus diseased plasma are then compared, and proteins 
with altered ratios may than be considered as candidate 
markers, suitable for subsequent validation. 

The next possible point in the shotgun 
proteomics workflow suitable for labeling is the 
enzymatic digestion of proteins into peptides, since 
certain proteases, e.g. trypsin, Glu-C, and Lys-C, catalyze 
exchange of two oxygen atoms at the C-termini of the 
peptides by two oxygen atoms coming from solvent water 
during the reaction (Schnolzer et al. 1996). When two 
protein samples to be compared are digested in H2

16O and 
H2

18O separately, the resulting peptides differ by 
4 daltons (Da), which is sufficient to recognize peptide 
pairs properly in the mass spectrum (Heller et al. 2003, 
Havlis and Shevchenko 2004). 

The incorporation of stable isotopes by a 

Table 3. Overview of stable isotope labeling methods in proteomics. 
 

 SILAC 16O/18O 
ICAT 
cICAT 

Reductive 
alkylation 

NBS ICPL TMT iTRAQ 

Labeling Metabolic Enzymatic Chemical Chemical Chemical Chemical Chemical Chemical 
Labeling 
level 

Proteins Peptides Proteins 
Proteins 
Peptides 

Peptides 
Proteins 
Peptides 

Peptides Peptides 

Target 
amino acid 

L, R, K C-terminus C 
N-terminus, 

K 
W 

N-terminus, 
K 

N-terminus, 
K 

N-terminus, 
K 

Complexity 
reduction 

No No Yes No Yes No No No 

Number of 
channels 

2/3 2 2 2/3 2 2/3 2/6 4/8 

Quantifica-
tion mode 

MS MS MS MS MS MS MSMS MSMS 
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chemical reaction represents the largest group of 
quantification methods. The very first chemical 
quantification method was the Isotope-Coded Affinity 
Tags (ICAT) approach, which is based on labeling 
cysteine-containing peptides via their thiol groups. Light 
and heavy ICAT labels also contain biotin; therefore the 
labeled peptides can be isolated using avidin. Due to the 
fact that approximately one quarter of all tryptic peptides 
contains cysteine, the enrichment results in significant 
reduction of the sample complexity (Liu et al. 2005). But 
as majority of proteins contain at least one cysteine in 
their structure, the information on the originating protein 
is not lost (Gygi et al. 1999). Cystein can be targeted also 
by other chemistries, such as those based on acrylamide 
reaction (Faca et al. 2008). 

The majority of chemical quantification methods 
incorporate stable isotopes into the peptides using a 
reaction of -NH2 groups with succinimide derivates. To 
illustrate, the Isotope-Coded Protein Label Triple (ICPL) 
method uses N-nicotinoyloxysuccinimide and offers up to 
three quantification channels (Schmidt et al. 2005). NH2 
groups may be also tagged by more stable and even less 
expensive chemistry based on reductive alkylation using 
formaldehyde (Boersema et al. 2008). In theory, -NH2 
groups-targeted labeling covers all the peptides resulting 
from a protein digest. A significant bottleneck of these 
techniques emerges during labeling at protein level 
because the altered side chain of lysine is not recognized 
by trypsin and thus incomplete cleavage occurs, resulting 
in fewer and larger peptides. If one wishes to preserve 
trypsin cleavage rather than select another protease, other 
functional groups must be tagged at protein level. In this 
case, however, peptides lacking the target group do not 
carry quantitative information. On the other hand, by 
introducing the isolation/enrichment step only or more 
frequently peptides carrying the tag may be analyzed – 
lowering the sample complexity as described in ICAT 
(Gygi et al. 1999) or NBS method (Matsuo et al. 2009).  

Most of the labeling techniques are based on 
quantification at MS level, where the MS spectra are 
searched for signals differing by a specific m/z shift. The 
relative concentration of a given peptide is then obtained 
by comparing the intensities of these corresponding 
signals. 

MS-based quantification techniques enable 
analysis of a limited number of samples simultaneously, 
whereas MSMS-based isobaric techniques offer a much 
higher number of possible quantification channels. The 
isobaric labels used in these techniques are composed of a 

reactive group, a reported group, and a balancer group. 
The sum of molecular weight of these three parts is 
constant, therefore a labeled peptide is observed as a 
single peak in MS mode. But as the individual reporter 
groups differ in molecular weight, the MSMS fragments 
originating from these reporter groups are observable as 
distinct peaks. Relative peptide concentration may be 
acquired by comparing the MSMS signal intensities of 
these reporter groups. 

The Tandem Mass Tags were the first published 
isobaric technique (Thompson et al. 2003). The Isobaric 
Tag for Relative and Absolute Quantitation (iTRAQ) 
method, however, has gained greater popularity, as it 
enables an analysis of up to four samples simultaneously 
(Ross et al. 2004), the newest version even up to eight 
different samples in one experiment (Pierce et al. 2007). 
During the fragmentation in MSMS mode, the reporter 
group is released from the modified peptides and can be 
observed in the mass spectrum as peaks 114.1, 115.1, 
116.1 or 117.1 (Fig. 5). Therefore, a tandem mass 
spectrometer capable of detecting MSMS fragments in 
low m/z range is mandatory. The acquired MSMS spectra 
are used both for peptide identification and for 
quantification, where the reporter group signals are used 
to calculate relative peptide concentrations in particular 
samples and the remaining fragments originating from the 
peptide backbone are used for peptide identification. To 
obtain the reporter ion signal in the spectrum, the reporter 
group has to be cleaved from the peptide properly. Our 
data show that the cleavage efficacy varies based on the 
peptide structure. Nevertheless, because the character of 
the bond is identical in all four or eight tags, respectively, 
the cleavage efficacy from a particular peptide is also 
supposed to remain constant. 
 
Targeted shotgun proteomics 

Until recently, MS has been used almost 
exclusively for the identification of new potential 
biomarkers, whereas the verification and validation steps 
were carried out by antibody-based techniques. Recently, a 
paradigm shift has been apparent, as targeted tandem mass 
spectrometry also known as Multiple Reaction Monitoring 
(LC-MRM-MSMS) is increasingly being applied into both 
verification and validation phases (Lange et al. 2008). 
Interestingly, this targeted approach has been also 
implemented into multistage strategies for biomarker 
identification, due to excellent sensitivity and potential to 
precisely quantify target molecules in complex samples. 
This is carried out by detecting signature peptides, which 
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are unique for a given protein, by LC-MRM-MSMS 
(Anderson and Hunter 2006, Kitteringham et al. 2009). 
Triple quadrupole (QqQ) or hybrid quadrupole-linear ion 
traps (QTRAP) mass spectrometers used for this purpose 
are set to select only a specific precursor peptide in the first 
quadrupole (Q1), which is then fragmented in the collision 
cell (Q2) and a specific fragment is selected in the third 
quadrupole (Q3) (Fig. 6). As this cycle takes only a few 
milliseconds, tens to hundreds of different peptides may be 
detected and quantified in a targeted manner during a 
single LC run. More importantly, the detection limit for 
peptides in this configuration in enhanced by up to 100-
fold as opposed to unbiased MS analysis (Keshishian et al. 
2007). To reliably confirm the identity of monitored 
peptide, a full MSMS scan upon detecting a defined MRM 
transition should be acquired (Unwin et al. 2009). By this 
means, the peptide is precisely quantified by the respective 
chromatographic peak and confirmed by sequence 
acquisition from the MSMS spectrum (Fig. 7). The actual 
quantification is carried out by plotting the intensity of Q3 
fragment ions on time axis, which results in a 
chromatographic peak. The most accurate way of 
quantifying among more samples is realized by introducing 
a synthetic internal standard peptide, containing a heavy 
amino acid, into the analyzed sample. As already described 
in previous chapters, these labeled peptides follow their 
natural counterparts during all steps of analysis, but owing 
to a specific mass difference, they can be easily 
distinguished by the mass spectrometer. The peak area of 
internal standard peptide, where the precise concentration 
is know, is compared to the peak area of peptide 

originating from analyzed sample and finally, absolute 
concentration may be calculated. 

 
 

Table 4. Individual phases of a biomarker discovery pipeline 
(Rifai et al. 2006). 
 

Phase I Exploratory studies to identify candidate 
marker molecules 

Phase II Qualification – confirmation of 
differential abundance in samples 

Phase III Verification – assess specificity of 
candidate molecules 

Phase IV Validation and clinical assay 
development – large scale studies 

 
 

The role of proteomics in biomarker 
candidates verification 
 

Regardless of the method used as the first step 
of the biomarker discovery process, the resulting 
candidate markers need to be further intensively proved 
and tested if they are to become clinically used 
biomarkers. This is a multistage process and can be 
regarded as an analogy to the drug discovery pipeline. 
Starting with a large group of marker candidates, the 
funnel-like process eliminates low-sensitive and low-
specific markers, resulting in a few final candidate 
molecules. Proportionally to the candidate marker count 
reduction, the number of tested samples grows steeply 
along with the project costs (Rifai et al. 2006) (Table 4).  

 

Fig. 5. Representative iTRAQ 
MSMS spectrum: A peptide of m/z 
2010.87 was selected from a MS 
spectrum for fragmentation 
analysis. The resulting MSMS 
spectrum is shown. iTRAQ 
quantitation information can be 
read in the low m/z region, as 
shown in the magnified view. The 
intensity of each of the four peaks 
(114.1, 115.1, 116.1 and 117.1) 
reflects relative concentration of 
the given peptide in individual 
four samples which are to be 
compared. The sequence 
EVQGFESATFLGYFK was success-
fully assigned to the MSMS 
spectrum, resulting in unambi-
guous identification of Isoform 2 
of Gelsolin precursor. 
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Fig. 7. MRM triggered MSMS. 
A confident MRM assay 
should be validated by 
confirming the identity of the 
chromatographic MRM peaks 
by additional acquisition of a 
MSMS spectrum. The MRM 
trace shows two chromatogr-
aphic peaks, each eluting at a 
different time point. By 
acquiring a MRM-triggered 
MSMS spectrum, the targeted 
earlier eluting signature pep-
tide is unambiguously identi-
fied (upper MSMS spectrum), 
whereas the second peak 
(lower MSMS spectrum) was 
proved to originate from a 
different protein. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
After the first phase of the pipeline, the 

discovery phase, the resulting candidates need to be 
further proved in the qualification phase, in order to 
confirm their differential abundance in the tested 
samples. At this point, the unbiased nature of the analysis 
changes into a targeted one. New and unproven 
candidates are analyzed in a targeted manner and 

precisely quantified in a statistically viable number of 
serum or plasma samples. Unfortunately, antibodies 
against these newly discovered candidates are frequently 
unavailable, and substitutes for antibody-based detection 
assays (i.e., Western blotting or ELISA) have been sought 
in proteomics methodologies. Therefore, the method of 
choice in this phase is LC-MRM-MSMS (Anderson and 

 
 
Fig. 6. Multiple Reaction Monitoring scheme. Mass spectrometers used for MRM are set to select only a specific precursor peptide in 
the first quadrupole (Q1), which is then fragmented in the collision cell (Q2), a specific fragment is selected in the third quadrupole
(Q3) and detected. The intensity of the Q3 fragment is then plotted in time, which results in a chromatographic peak correlating with
peptide amount in the sample. 
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Hunter 2006). As the sample preparation and processing 
is much less extensive than in the discovery phase, the 
MRM sensitivity is limited by the sample complexity. 
The limit of quantification in undepleted plasma may 
reach low µg/ml level (Addona et al. 2009). To quantify 
in the ng/ml range, depletion of ~10 most abundant 
plasma proteins is required (Keshishian et al. 2007). A 
possible way to further increase the performance of 
MRM is its coupling to immunoaffinity peptide 
enrichment (Anderson et al. 2004a, Hoofnagle et al. 
2008), which enhances both sensitivity and specificity, 
thus allowing analysis in complex matrices with little or 
no fractionation. However, it requires a specific anti-
peptide antibody to be developed against each analyzed 
peptide. Other antibody-based approaches are unsuitable 
at this point, due to their low throughput, e.g., Western 
blotting or high development costs typical for 
immunoassays.  

In the verification phase the specificity of 
candidates is addressed. The primary objective of 
verification is to screen potential biomarkers to ensure 
that only the highest-quality candidates from the 
discovery phase are taken forward into pre-clinical 
validation. This requires a larger number of tested 
samples, which increases approximately by an order. So 
as to maintain a moderate throughput, the initial 
candidate list has to be reduced to a few dozens. 
Immunoassays should be introduced at this point. The 
lack of high-quality antibodies, however, hinders the fast 
development of antibody-based assays, as highly specific 
antibodies are not available for most novel biomarker 
candidates. Therefore, LC-MRM-MSMS presents a 
compelling alternative to immunoassays, as it allows a 
moderate number of candidates to be targeted at a 
relatively high throughput, without a need of an 
immunoassay development.  

The final phase of the biomarker discovery 
process, the validation phase, requires a clinical assay to 
be developed and extensively tested on thousands of 
clinical samples. A platform change is also required, as 
MS-based approaches are currently neither able to fulfill 
the required combination of high throughput and 

precision, nor are they widely available and accepted by 
the FDA. Therefore, the development of a suitable 
antibody-based assay is mandatory (Kingsmore 2006). To 
meet the required sensitivity, RIA or ELISA are the 
methods of choice. 
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Abreviations 
2D-PAGE – two-dimensional polyacrylamide gel 
electrophoresis, 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 absolute 
quantitation, 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, pI – 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/ionization, SILAC – stable isotope labeling 
with amino acids in cell culture, SILAP – stable isotope 
labeled proteome, TOF – time-of-flight 
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