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Abstract

Significant technological advances in protein chemistry, physics and computer sciences in the last two decades have greatly improved protein
separation methodologies, such as electrophoresis and chromatography, and have established mass spectrometry (MS) as an indispensable
tool for protein study. The goal of this review is to provide a brief overview of the recent improvements in these methodologies and present
examples from their application in proteome analysis and search for disease biomarkers.
© 2004 Elsevier B.V. All rights reserved.

K

C

. 11
12
12
13
13
14

14
. 14
. 15

17
. . 17

1

o
s
t
s

on,
ture
ce of

sease

the
the

1
d

eywords: Mass spectrometry; Proteomics; Electrophoresis; Liquid chromatography; Biomarkers

ontents

1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2. Protein separation by two-dimensional electrophoresis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3. Protein separation by liquid chromatography. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4. Mass spectrometry: advances in instrumentation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5. Peptide fingerprinting by mass spectrometry analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6. Peptide sequencing by tandem mass spectrometry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
7. Application of mass spectrometry approaches in disease research. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7.1. Neurological diseases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
7.2. Cancer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8. Concluding remarks: future challenges. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. Introduction

Proteomics involves the study of the protein content of an
rganism including the identification of protein amino acid
equence, modifications, structure and ultimately assignment
o functional pathways in the cell. Systematic proteomic

cellular functions that lead to cell growth, differentiati
proliferation and death. Aberrations in protein struc
and expression levels signal in most cases the presen
disease, rendering the proteins excellent targets in di
diagnostics, prognostics and therapeutics.

The complexity and variation in protein structure,
plethora of post-translational modifications as well as
tudies are imperative since proteins perform the main

∗ Corresponding author. Tel.: +30 210 659 7506; fax: +30 210 659 7545.
E-mail address:vlahoua@bioacademy.gr (A. Vlahou).

presence of most regulatory proteins at very low levels in
the cell, are the main challenges that proteomic research has
to encounter. Undeniably, advances in the fields of chemistry,
physics and computer sciences in the last decades have greatly
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facilitated proteomic studies. Significant improvements in the
protein separation methodologies such as two-dimensional
electrophoresis (2DE) and chromatography, as well as in
mass spectrometry systems, have increased the resolution,
sensitivity and accuracy in protein detection. Nevertheless,
some of the main challenges, such as the detection of the low
abundance molecules, remain. In the same time, some new
challenges have arisen, such as the development of the com-
puting resources that could reliably analyze the vast amount
of data that the application of the new technologies gener-
ate. The scope of this review is to outline some of the major
technical developments in the fields of protein separation and
identification, with an emphasis on mass spectrometry-based
approaches, that occurred in the last decades and provide
some examples of the applications of these new methodolo-
gies in the identification of disease biomarkers.

2. Protein separation by two-dimensional
electrophoresis

One of the first steps in protein analysis is protein sepa-
ration. Two-dimensional gel electrophoresis is the classical
and principal tool for the protein profiling of biological sam-
ples [1]. This methodology provides the highest resolution
in protein separation, capable of resolving thousands of pro-
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(SDS) is added, so that the proteins are negatively charged.
In comparison with IEF, the second dimension of separation
on SDS-gels is relatively easy to control. Gels of a constant
acrylamide concentration or gradient gels can be used. The
latter such as the 9–16% linear gradient gels allow the visual-
ization of proteins with a wide spectrum of molecular masses
(5–200 kDa), whereas, gels of constant acrylamide concen-
tration provide higher protein resolution at a specific mass
[3].

Gels can be stained for protein detection by Coomassie
blue, silver or fluorescent dyes. Images of the gels acquired
by laser scanners or fluorescent imagers as applicable,
are subsequently analyzed by specific software such as
PDQuest, Melanie, etc.[5]. These software programs pro-
vide spot detection, and ratio analysis for the determination
of quantitative protein changes between different samples. It
should be noted however, that comparison of 2D gels for the
identification of protein expression differences, as described
above, involves the technical challenge of matching spots
of different gels. This task is often considered extremely
arduous due to the variability of the 2DE methodology as re-
flected by spot streaking, gels bending etc. To overcome this
problem, the technique of differential in-gel electrophoresis
(DIGE) may be applied which involves labeling of protein
samples with fluorescent dyes, followed by their separation
in the same gel. In this way, inter-gel variability is avoided.
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eins in one experiment. A brief overview of the princip
f 2DE and advances of this methodology that have allo

ts combination with mass spectrometry during the last
ears, are provided below.

In 2DE, proteins are separated on the basis of differe
n their net charge, through a technique known as iso
ric focusing (IEF) and differences in their molecular ma
hrough polyacrylamide gel electrophoresis. IEF is an e
ibrium process, during which, under the influence of a h
lectric field, proteins move along a stable pH gradient

ocus at a position where they have no net charge. The
wo ways to form a pH gradient: (i) with the use of carrier a
holytes; and (ii) with the use of an immobilized pH grad
IPG) [2]. In the first case, upon application of the elec
eld the carrier ampholytes move and align themselve
ween the electrodes. In the second system, the IPG is fo
rior to the IEF run by acrylamide derivatives, called imm
ilines. These are weak acids and bases with a bufferin
acity, co-polymerized with acrylamide and fixed on pla
trips.

The IPG strips is the preferred method of IEF curre
eing utilized and it is safe to say that their application re

utionized 2DE. Among the benefits their use brought u
significant improvement in the reproducibility of the 2
ethodology. Furthermore, IPG strips are ideal for su
uent protein identification techniques as they allow app

ion of relatively large amounts of protein[3,4].
In the second dimension of 2DE, the proteins are s

ated according to their size on porous polyacrylamide
rior to this step, the anionic detergent sodium dodecyl su
urther analysis includes visualization of the spots
ignal quantification using fluorescent imagers[6–9].

The major advantage of 2DE is that it enables the sim
eous separation and visualization of thousands of unk
roteins. It should be noted, that on 2D gels, the protein
ften represented by more than one spot, so that the nu
f expressed products is much higher than the number o
orresponding encoding genes[10–12]. In most cases, w
o not know either the origin or the biological messag

he observed differences between the number of expr
roducts and the number of encoding genes.

Besides the inter-gel variability as mentioned above, t
re some additional limitations of 2DE: (i) unless coup

o specific protein enrichment steps, 2DE analysis res
nly the major components of a protein mixture[12–18];
ii) along the same lines, the detection of the low and
olecular mass, of basic and hydrophobic proteins is

cient [18,19]; (iii) although automation of protein excisio
nd development of image analysis software for the c
arison of 2D gel protein maps have greatly facilitated
nalysis of the results, 2D gel analysis remains labor in
ive. Improvements of the technology are urgently requ
or an efficient proteome analysis[20].

. Protein separation by liquid chromatography

Besides the 2DE, chromatographic strategies are
idely utilized to separate peptide and protein mixtures

heir components. In this case, separation is based on d
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ences in the peptide/protein physiochemical properties such
as size (size exclusion chromatography), charge (ion ex-
change chromatography) and hydrophobicity (reverse phase
chromatography)[7,21]. The experimental protocol involves
dilution of the protein mixture with a buffer that is compat-
ible with the type of column in use and then elution of the
bound material based on some type of competitive attraction.
For example, in the cation exchange chromatography elution
may take place by the use of gradient of salt. Various types
of detectors can be connected on line with the columns so as
to provide qualitative and occasionally quantitative informa-
tion on the separated molecules. Unless however, coupled to
mass spectrometers, chromatography indicates the presence
of a protein without providing its identity.

This method of separation is faster compared to 2DE and
can be applied efficiently for the study of hydrophobic pro-
teins and protein post-translational modifications[21–25]. In
addition, multi-dimensional chromatographic methods (for
example ion exchange and hydrophobic columns put in tan-
dem) have been developed and successfully coupled to mass
spectrometry systems. This methodology known as MUD-
PIT (multi-dimensional protein identification technology) al-
lows the rapid study and identification of proteins within
complex protein mixtures[7,23–25]. When combined to
metabolic, enzymatic or chemical protein-labeling methods,
this methodology allows the detection of quantitative dif-
f ples
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“soft” desorption-ionization techniques namely, matrix-
assisted laser desorption/ionization (MALDI)[28–30] and
electrospray ionization (ESI)[31–34] in the late 1980s
revolutionized proteomics research by rendering the study
of macromolecules feasible.

A detailed description of the ionization processes followed
in MALDI and ESI would be out of the realm of this brief
review, but we would recommend the manuscripts by Knock-
enmuss and Zenobi[35], Karas et al.[36], Kebarle [37],
Smith et al.[38] and Mann and Wilm[39], for the inter-
ested reader. To briefly mention, MALDI is based on the
utilization of an energy absorbing molecule (matrix), usually
a small organic molecule (like�-cyano-4-hydroxy-cinnamic
acid). The matrix is highly absorbent at the laser wavelength
as a means to facilitate the ionization of the analyte and also
to protect it from laser-induced damage. The ionization and
desorption processes that follow the laser irradiation of the
analyte-matrix crystals result in the generation of their pri-
marily singly charged ions[35,36].

In contrast to MALDI, during ESI, the analyte is ionized
from a solution and transferred into the gas phase by spraying
from a high voltage needle[37–39]. Usually multiple charg-
ing of the analyte occurs resulting in the generation of mul-
tiple consecutive ions differing by a single charge. NanoLC-
ESI systems have recently been developed that enable sample
introduction at very low flow rates (<25 nL/min). In this way,
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p ptide
m d and
erences between proteins of different classes of sam
7,24,25] (more details on the isotope coded affinity t
ICAT) system are provided in Section7.1). Automated sys
ems have been developed that perform all operations
ample application to fraction collection and on line conn
ion to mass spectrometers for protein identification. H
ver, the instrumentation that is needed for the autom
UD-PIT is expensive, and the computing resources fo

dentification of proteins from such complex mixtures are
nder development. For that reasons, in many cases, 2D
ains the separation process of choice for the study of

omplex protein mixtures such as biological fluids and
ue/cell extracts.

. Mass spectrometry: advances in instrumentation

Mass spectrometry has been very effectively couple
oth 2DE and liquid chromatography (LC) methodolog
o as to achieve protein identification. In brief, analysi
protein/peptide molecule (analyte) by mass spectrom

ccurs in three major steps: (i) ionization of the protein
eneration of gas-phase ions; (ii) separation of ions ac

ng to their mass to charge ratio; and (iii) detection of
ons. These functions are performed by the three major
onents of a mass spectrometer: the ion source, the
nalyzer and the detector, respectively (reviewed in[26,27]).

Improvement of mass spectrometry in the last
ecades, have resulted from changes in several
f the mass spectrometer design. Development of
ecreased sample quantity requirements and increase
itivity are achieved[39–41].

Besides the development of the ESI and MALDI meth
logies, improvement in mass spectrometry has also res

rom advancement in mass analyzers. The time-of-fl
TOF), ion trap, quadrupole and Fourier transform
yclotron (FTIC) are the four major types of mass analy
urrently in use. Each of them shows distinct advantage
eaknesses with regards to the sensitivity, mass accu
nd mass resolving power they provide (reviewed in[27,42]).
otably, combination of different mass analyzers in tan
as recently become possible (for example, quadrup
OF, TOF–TOF, quadrupole–ion trap, etc.). In this w
ombination of the strengths of each analyzer is achi
reatly improving the outcome of the proteomics resea
urthermore, although MALDI has been traditiona
oupled to time-of-flight and ESI to quadrupole mass fi
r ion trap analyzers, mass spectrometers have been re
eveloped that combine ESI with TOF as well as MAL
ith quadrupole-ion traps.[27,43].

. Peptide fingerprinting by mass spectrometry
nalysis

MALDI and ESI-based mass spectrometry technolo
re being widely employed as protein identification to
ost widely utilized is the “bottom-up” approach whe
roteins are digested with endoproteinases and their pe
aps (i.e. a list of peptide masses) subsequently obtaine
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characterized by MS. These maps are then searched against
theoretical maps of proteins included in databases (PROWL,
EMBL, etc. reviewed in[27,44–46]).

In brief, in the case of 2D gels, for the generation of
peptides, protein spots are excised from the gels and the
proteins are in-gel digested with a protease, usually trypsin.
The peptides generated during digestion can then be directly
analyzed by mass spectrometry or first separated by LC. The
experimental peptide masses are then correlated to the peptide
fingerprints (i.e. list of peptides generated by the theoretical
digest) of known proteins through search engines/algorithms
such as Mascot, Sequest, MSFIT, etc. Matches are calculated
on a probability basis and the degree of similarity of the exper-
imental to the theoretical peptide mass is denoted by various
mathematical parameters such as score and delta correlation,
depending on the algorithm in use. Typically, a minimum of
four peptide molecular weight matches is recommended to
reduce the possibility of false-positive matches.

Notably, peptide mapping of spots detected in 2D gels
has been adapted to high-throughput platforms. Coupling of
MALDI-TOF-MS to 2D gels has been automated, enabling
the analysis of thousands of samples per day with a minimal
involvement of the operator[47–49]. With this approach, typ-
ically an identity is assigned to 60–80% of the spots analyzed.

In contrast to the “bottom-up” (i.e. from the peptides to
identify the protein), an alternative “top-down” approach for
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MS/MS can be utilized for the identification of proteins from
protein databases, databases of expressed sequence tags or
translated DNA databases. Besides allowing the more reliable
identification of protein spots, the MS/MS approach enables
the identification of post-translational modifications such as
phosphorylation and glycosylation. With the current avail-
ability of identification algorithms that analyze the MS/MS
results, there is a widespread application of this technology.

7. Application of mass spectrometry approaches in
disease research

The application of mass spectrometry-based systems
in disease research has been enormous. This methodology
has been applied in the investigation of infectious diseases,
diseases of the central nervous system, heart and cancer
(reviewed in[49,56–65]). Many changes in protein levels
resulting from specific disorders have been identified by
proteomic approaches. This field is too broad to be covered
in this review and our present work is confined to provide
some highlights and specific examples drawn from the
application of mass spectrometry-based systems in neuronal
disease and cancer diagnostics.

7

the
i ntral
n own
s
fi of
n alyzed
b ease
g ps,
w rain
o er
o shes
a the
c ev-
e ’s
a
3 tion
p aling
a asso-
c sease
g -
t ptic
c s and
i sed
s tosis
a
s h de-
r n the
p .
rotein identification has been recently developed whic
ludes the direct MS analysis of intact proteins[50–52].
n this case, protein fragmentation takes place elect
ally during the MS analysis (for example using Four
ransform mass spectrometers in conjunction with elec
apture dissociation). This methodology, provides the ad
age of studying the protein along with its post-translatio
odifications as a whole, however, its application is still l

ted, due to primarily the lack of optimized relevant exp
ental methodologies and, with the exception of the Pro

oftware developed by Taylor et al.[51], the lack of specifi
oftware for the analysis of MS data from intact proteins

. Peptide sequencing by tandem mass spectrometry

The drawback of peptide mapping is that protein iden
ations can be ambiguous. In this case, amino acid seq
nalysis has to be performed. An alternative to the tradit
dman degradation procedure is the generation of pep
equence tags by tandem mass spectrometry ([53–56], re-
iewed in[27,34,44]). MS/MS or tandem mass spectrome

s based on the detection and molecular mass determin
f fragment ions that are formed either spontaneously (
ource decay or PSD) or by induced fragmentation (collis
nduced dissociation or CID) from an intact ion. Sim
tated, following their ionization and desorption, peptide
ay be fragmented to produce secondary ions which, c

eparated in a second mass analyzer to give the ma
harge (m/z) of these fragment ions. Information obtained
r

.1. Neurological diseases

Our group and others have applied proteomics in
nvestigation of protein changes in disorders of the ce
ervous system, like Alzheimer’s disease (AD) and D
yndrome (DS;[64,66–73], reviewed in[49]). Samples from
ve regions of the brain of the control (i.e. with no history
eurological disease) and the disease groups were an
y 2D gels and the proteins with different levels in the dis
roups were identified by MALDI-MS. In the disease grou
e found up to about 10-fold increased levels in the AD b
f the glial fibrillary acidic protein (GFAP), a known mark
f neuronal decay and brain damage, which distingui
strocytes from other glial cells during development of
entral nervous system[66]. We also observed increased l
ls for the 14-3-3� and 14-3-3� proteins in the Alzheimer
nd Down syndrome groups by about 1.5-fold[67]. The 14-
-3 proteins exert complex functions in signal transduc
athways. Deranged levels may reflect impaired sign
nd apoptosis in the brain. The levels of synaptosomal
iated protein 25 kDa (snap-25) decreased in the two di
roups to approximately 40%[66]. Snap-25 is widely dis

ributed in the brain, is an integral constituent of the syna
ore complex, participates in synaptic vesicles exocytosi
s involved in the formation of presynaptic sites. Decrea
nap-25 levels may lead to deranged functions in exocy
nd neurotransmission. As an example,Fig. 1 shows the
pots representing the 14-3-3 and snap-25 proteins wit
anged levels in DS and AD. The reason for the change i
osition of SNAP-25 in AD (Fig. 1C) is not currently known
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Fig. 1. Partial two-dimensional gel images of human brain proteins from a control (A), a patient with Down syndrome (B) and a patient with Alzheimer’s
disease (C). The proteins from the frontal lobe of cortex were separated on 3–10 non-linear IPG strips, followed by 9–16% SDS-polyacrylamide gels. The
gels were stained with Coomassie blue. The proteins were identified by MALDI-MS. The spots representing proteins with different levels in the controland
diseased groups, 14-3-3� and� and synaptosomal associated protein 25 (snap-25), are indicated.

Additional changes in the levels of several other brain
proteins, such as glycerol 3-phosphate dehydrogenase,
dihydropyrimidinase-related protein (DRP) 2, synaptotag-
min, voltage-dependent anion channel proteins VDAC1 and
VDAC2 were also observed[68–74]. The technology is also
being utilized to study changes in the brain proteins of an-
imals serving as models for neurological diseases, such as
ischemia, anxiety and pain.

An alternative approach including ICAT labeling of pro-
teins in combination with micro-capillary LC-MS analysis
was used by Johnson et al.[75], for the study of cell death
processes that occur in neurons following DNA damage. Pro-
teins from primary cultures of cortical neurons cultured under
control or conditions that induce DNA damage, were labeled
with light and heavy (with deuterium) isotopic versions of
the ICAT reagents. These reagents contain a biotin affinity
tag and a thiol reactive group so as to interact with the cys-
teine residues. Following their labeling, proteins were fur-
ther digested with trypsin and the resulting peptides loaded
onto an avidin column for enrichment for the ICAT-labeled
forms. The peptides were then separated by the use of micro-
capillary reverse phase LC coupled on line with either ESI-
ion trap MS or ESI-FTIC mass spectrometer. Using this ap-
proach, identification and relative quantification of 150 pro-
teins was achieved which indicated alterations in the levels
of various proteins following DNA damage. These included
e pro-
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cell carcinomas (TCC) and squamous cell carcinomas (SCC)
(reviewed in [76–79]). The database contains profiles of
3159 cellular proteins with 578 proteins identified, and a
urine database listing 339 proteins of which 124 have been
identified. Comparing the SCC 2D gel protein expression
profiles to the 2D gel proteome of normal biopsies, both
quantitative and qualitative differences in several proteins
were identified. Those not observed in the normal profiles
were keratins 10, 14, 16, migration inhibitory factor-related
proteins (MRPs) 8 and 14 and psoriasin[79–81].

Nuclear matrix proteins as bladder cancer specific mark-
ers have also been identified by 2DE and MS ([82,83], re-
viewed in[84,85]). Three of these proteins, BLCA-1, -4 and
-6, were micro-sequenced and the peptide information uti-
lized to develop specific antibodies. When comparing the
BLCA-4 urine levels of bladder cancer patients with normal
controls using an immunoassay, a sensitivity of 94.6% and a
specificity of 100% in detecting bladder cancer were achieved
[83].

Halmer et al.[86] have followed a different approach in the
search for disease biomarkers: The have combined IEF, as the
first dimension, with LC, as the second dimension in protein
separation, with ESI-TOF and MALDI-TOF MS for protein
quantification and identification. Applying this methodology
to study protein lysates from benign and malignant breast
epithelial cells, various potential markers for breast cancer
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nzymes involved in glycolysis, anti-oxidative and stress
eins, proteins involved in neurite degeneration, as we
roteins linked to neurodegenerative diseases such a
4-3-3�, cofilin, etc.

.2. Cancer

The two-dimensional electrophoresis systems in co
ation with mass spectrometry have also been extens
tilized in the quest for cancer biomarkers. In the cas
ladder cancer, extensive 2DE of bladder tumor cells
rine samples has led to a comprehensive 2D databa
ladder cancer which includes profiles of both transitio
,

ere detected.
Besides the application of 2DE or liquid chromatograp

ased systems, recent studies have evaluated
urface-enhanced laser desorption/ionization time
ight (SELDI-TOF) mass spectrometry system in the se
or disease biomarkers. This system which can be consi
s a variation of the MALDI technology, has recently b
eveloped and is based on utilization of chemically
iochemically predefined ProteinChip® Arrays as capturin
urfaces for protein molecules (reviewed in[87]). The bio-
ogical sample is directly applied on to the chips and prot
re captured according to their affinity for the chemical
rophobic, ion exchange, normal phase, immobilized m
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or biological (carrying prebound antibodies, ligands, etc.)
surface. Retained molecules are then washed with buffers
of various stringencies and analyzed by MALDI-TOF.
Although the resolving power of 2DE remains unchal-
lenged, this approach is more rapid and has an increased
throughput compared to 2D electrophoresis. In addition,
due to the utilization of the protein chips it also overcomes
several problems associated with the sample preparation for
MALDI-MS, most notably enabling the direct analysis of
“crude” samples such as body fluids and cell extracts.

Using this system, distinct protein patterns of normal,
premalignant, and malignant cells for prostate, ovarian,
esophageal, breast, and hepatic cancers have been uncovered
([87–89], reviewed in [87]). Fig. 2 shows SELDI mass
spectra of sera from breast cancer patients. As shown,
multiple protein peaks are differentially expressed in the
cancer versus the control samples. The identity of these
breast cancer-associated peaks is not yet known. Similar
studies on bladder cancer have identified defensin-� as
a potential marker for the disease in urine[90]. Recent
reports also provide evidence that analysis of SELDI data
by “learning” algorithms can lead to the identification of
serum protein “fingerprints” of prostate, ovarian and breast

F
v
b

cancers as well as urine fingerprints for renal cell and bladder
carcinomas[91–98]. In each of these studies a different
computational approach was employed to analyze the
SELDI data, including a genetic algorithm[93], a decision
tree [91,92,95,96,98], a support vector machine algorithm
[94] and neural networks[97]. Each method appeared to
be effective in developing accurate classification systems,
notably, without previous identification of the protein peaks
that consist the cancer and non-cancer fingerprints.

As expected, besides its strengths, the SELDI approach
has also several limitations. As summarized in the review
by Diamandis [99] these include: (i) The identification
of the protein peaks that are differentially expressed in
the disease, requires their relative purification which is
technically challenging; (ii) Similar to the 2D systems,
the SELDI technology, unless coupled to fractionation
methodologies, allows the detection of primarily the high
abundance proteins; (iii) comparison of the expression levels
of the protein peaks is difficult due to the inherent limitations
of mass spectrometry in protein quantification[27,44]; (iv)
improvements/adjustments in instrumentation as well as
in the mathematical algorithms and computing resources
associated with the SELDI analysis (i.e. algorithms for
ig. 2. Potential breast cancer biomarkers (arrows) detected by the SELDI
iew (left) to facilitate the visualization of protein differences. Spectra from s
enign breast disease (B1–B4) are shown.m/z: mass/charge.
technology. The mass spectra (right) can also be visualized in the grey scale/gel
erum samples from four breast cancer patients (C1–C4) and four patients with
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peak identification, protein pattern recognition algorithms,
etc.) will be required prior to the clinical application of this
technology as a diagnostic/prognostic tool.

Besides the SELDI technology, imaging mass spectrom-
etry is an exciting new technology for analysis of protein
expression in mammalian tissues. Caprioli and colleagues
recently demonstrated the use of this technology for directly
mapping proteins present in tissue sections of various tu-
mors [100–103]. Briefly, frozen tissue sections are applied
on MALDI-plates, and following cell lysis, mass spectra are
collected at different intervals. With this approach, the spatial
distribution of protein peaks throughout the tissue section is
provided and proteins with differential expression in the nor-
mal and diseased tissue are identified. Imaging MS shows
potential for a number of applications including biomarker
discovery and biomarker tissue localization as well as in pro-
viding a better correlation of the tumor histopathologic phe-
notype with its molecular profile.

8. Concluding remarks: future challenges

The complexity of protein molecules, the plethora of post-
translational modifications and the frequent representation of
proteins at very low amounts are some of the reasons that anal-
yses at the proteomic level lagged behind genomic studies.
A mass
s ppor-
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m of
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types of 2D protein maps have been generated and become
available through the world-wide web[49,76]. These tools
greatly facilitate research by providing protein map resources
and efforts are underway to further expand these resources
[106,107]. With the advent of the available high throughput
approaches there is a definite need for database integration
from multiple sources and development of user interfaces that
allow data entry, visualization and retrieval. Simply stated, an
open-minded database has to be established to allow contin-
ual additions of data and integration of information acquired
by different centers of expertise.

It should not also be overlooked the fact, that the ability
of new technologies to identify large number of proteins,
brings up the new challenge of marker validation. In the short
term, this process entails multi-institutional collaborations to
address the portability of the methodology, as well as the
presence of the marker in a geographically diverse cohort of
patients, whereas in the long run, well-designed clinical trials
will have to be established.
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