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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 indispensak
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.
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1. Introduction cellular functions that lead to cell growth, differentiation,

proliferation and death. Aberrations in protein structure
Proteomics involves the study of the protein content of an and expression levels signal in most cases the presence of
organism including the identification of protein amino acid disease, rendering the proteins excellent targets in disease
sequence, modifications, structure and ultimately assignmentdiagnostics, prognostics and therapeutics.
to functional pathways in the cell. Systematic proteomic ~ The complexity and variation in protein structure, the
studies are imperative since proteins perform the main plethora of post-translational modifications as well as the
presence of most regulatory proteins at very low levels in
the cell, are the main challenges that proteomic research has
* Corresponding author. Tel.: +30 210 659 7506; fax: +30 210 659 7545. {0 €ncounter. Undeniably, advances in the fields of chemistry,
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facilitated proteomic studies. Significantimprovementsinthe (SDS) is added, so that the proteins are negatively charged.
protein separation methodologies such as two-dimensionalln comparison with IEF, the second dimension of separation
electrophoresis (2DE) and chromatography, as well as inon SDS-gels is relatively easy to control. Gels of a constant
mass spectrometry systems, have increased the resolutioracrylamide concentration or gradient gels can be used. The
sensitivity and accuracy in protein detection. Nevertheless, latter such as the 9-16% linear gradient gels allow the visual-
some of the main challenges, such as the detection of the lowization of proteins with a wide spectrum of molecular masses
abundance molecules, remain. In the same time, some new5—-200 kDa), whereas, gels of constant acrylamide concen-
challenges have arisen, such as the development of the comtration provide higher protein resolution at a specific mass
puting resources that could reliably analyze the vast amount[3].
of data that the application of the new technologies gener-  Gels can be stained for protein detection by Coomassie
ate. The scope of this review is to outline some of the major blue, silver or fluorescent dyes. Images of the gels acquired
technical developments in the fields of protein separation andby laser scanners or fluorescent imagers as applicable,
identification, with an emphasis on mass spectrometry-basedare subsequently analyzed by specific software such as
approaches, that occurred in the last decades and provide®DQuest, Melanie, etd5]. These software programs pro-
some examples of the applications of these new methodolo-vide spot detection, and ratio analysis for the determination
gies in the identification of disease biomarkers. 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
2. Protein separation by two-dimensional above, involves the technical challenge of matching spots
electrophoresis of different gels. This task is often considered extremely
arduous due to the variability of the 2DE methodology as re-
One of the first steps in protein analysis is protein sepa- flected by spot streaking, gels bending etc. To overcome this
ration. Two-dimensional gel electrophoresis is the classical problem, the technique of differential in-gel electrophoresis
and principal tool for the protein profiling of biological sam- (DIGE) may be applied which involves labeling of protein
ples[1]. This methodology provides the highest resolution samples with fluorescent dyes, followed by their separation
in protein separation, capable of resolving thousands of pro-in the same gel. In this way, inter-gel variability is avoided.
teins in one experiment. A brief overview of the principles Further analysis includes visualization of the spots and
of 2DE and advances of this methodology that have allowed signal quantification using fluorescent imagis9].
its combination with mass spectrometry during the last few  The major advantage of 2DE is that it enables the simulta-
years, are provided below. neous separation and visualization of thousands of unknown
In 2DE, proteins are separated on the basis of differencesproteins. It should be noted, that on 2D gels, the proteins are
in their net charge, through a technique known as isoelec-often represented by more than one spot, so that the number
tric focusing (IEF) and differences in their molecular masses of expressed products is much higher than the number of the
through polyacrylamide gel electrophoresis. IEF is an equi- corresponding encoding genfld—12] In most cases, we
librium process, during which, under the influence of a high do not know either the origin or the biological message of
electric field, proteins move along a stable pH gradient and the observed differences between the number of expressed
focus at a position where they have no net charge. There argroducts and the number of encoding genes.
two ways to form a pH gradient: (i) with the use of carrier am- Besides the inter-gel variability as mentioned above, there
pholytes; and (ii) with the use of an immobilized pH gradient are some additional limitations of 2DE: (i) unless coupled
(IPG) [2]. In the first case, upon application of the electric to specific protein enrichment steps, 2DE analysis resolves
field the carrier ampholytes move and align themselves be-only the major components of a protein mixti2—18}
tween the electrodes. In the second system, the IPG is formedii) along the same lines, the detection of the low and high
prior to the IEF run by acrylamide derivatives, called immo- molecular mass, of basic and hydrophobic proteins is inef-
bilines. These are weak acids and bases with a buffering ca-ficient[18,19} (iii) although automation of protein excision
pacity, co-polymerized with acrylamide and fixed on plastic and development of image analysis software for the com-
strips. parison of 2D gel protein maps have greatly facilitated the
The IPG strips is the preferred method of IEF currently analysis of the results, 2D gel analysis remains labor inten-
being utilized and it is safe to say that their application revo- sive. Improvements of the technology are urgently required
lutionized 2DE. Among the benefits their use brought up, is for an efficient proteome analydi20].
a significant improvement in the reproducibility of the 2DE
methodology. Furthermore, IPG strips are ideal for subse-
guent protein identification techniques as they allow applica- 3. Protein separation by liquid chromatography
tion of relatively large amounts of protej8,4].
In the second dimension of 2DE, the proteins are sepa- Besides the 2DE, chromatographic strategies are also
rated according to their size on porous polyacrylamide gels. widely utilized to separate peptide and protein mixtures into
Prior to this step, the anionic detergent sodium dodecyl sulfatetheir components. In this case, separation is based on differ-
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ences in the peptide/protein physiochemical properties such“soft” desorption-ionization techniques namely, matrix-
as size (size exclusion chromatography), charge (ion ex-assisted laser desorption/ionization (MALOB8-30] and
change chromatography) and hydrophobicity (reverse phaseelectrospray ionization (ESIJ31-34] in the late 1980s
chromatographyj)7,21]. The experimental protocol involves  revolutionized proteomics research by rendering the study
dilution of the protein mixture with a buffer that is compat- of macromolecules feasible.
ible with the type of column in use and then elution of the A detailed description of the ionization processes followed
bound material based on some type of competitive attraction.in MALDI and ESI would be out of the realm of this brief
For example, in the cation exchange chromatography elutionreview, but we would recommend the manuscripts by Knock-
may take place by the use of gradient of salt. Various types enmuss and ZenolB85], Karas et al[36], Kebarle[37],
of detectors can be connected on line with the columns so asSmith et al.[38] and Mann and Wilm39], for the inter-
to provide qualitative and occasionally quantitative informa- ested reader. To briefly mention, MALDI is based on the
tion on the separated molecules. Unless however, coupled tautilization of an energy absorbing molecule (matrix), usually
mass spectrometers, chromatography indicates the presenca small organic molecule (like-cyano-4-hydroxy-cinnamic
of a protein without providing its identity. acid). The matrix is highly absorbent at the laser wavelength
This method of separation is faster compared to 2DE and as a means to facilitate the ionization of the analyte and also
can be applied efficiently for the study of hydrophobic pro- to protect it from laser-induced damage. The ionization and
teins and protein post-translational modificatif2s-25] In desorption processes that follow the laser irradiation of the
addition, multi-dimensional chromatographic methods (for analyte-matrix crystals result in the generation of their pri-
example ion exchange and hydrophobic columns put in tan- marily singly charged iong35,36]
dem) have been developed and successfully coupled to mass In contrast to MALDI, during ESI, the analyte is ionized
spectrometry systems. This methodology known as MUD- from a solution and transferred into the gas phase by spraying
PIT (multi-dimensional protein identification technology) al- from a high voltage need[87—-39] Usually multiple charg-
lows the rapid study and identification of proteins within ing of the analyte occurs resulting in the generation of mul-
complex protein mixtureg7,23—25] When combined to tiple consecutive ions differing by a single charge. NanoLC-
metabolic, enzymatic or chemical protein-labeling methods, ESI systems have recently been developed that enable sample
this methodology allows the detection of quantitative dif- introduction at very low flow rates (<25 nL/min). In this way,
ferences between proteins of different classes of samplesdecreased sample quantity requirements and increased sen-
[7,24,25] (more details on the isotope coded affinity tags sitivity are achieved39-41]
(ICAT) system are provided in Sectigil). Automated sys- Besides the development of the ESI and MALDI method-
tems have been developed that perform all operations fromologies, improvement in mass spectrometry has also resulted
sample application to fraction collection and on line connec- from advancement in mass analyzers. The time-of-flight
tion to mass spectrometers for protein identification. How- (TOF), ion trap, quadrupole and Fourier transform ion
ever, the instrumentation that is needed for the automatedcyclotron (FTIC) are the four major types of mass analyzers
MUD-PIT is expensive, and the computing resources for the currently in use. Each of them shows distinct advantages and
identification of proteins from such complex mixtures are still weaknesses with regards to the sensitivity, mass accuracy,
under development. For that reasons, in many cases, 2DE reand mass resolving power they provide (reviewd@ih42)).
mains the separation process of choice for the study of veryNotably, combination of different mass analyzers in tandem
complex protein mixtures such as biological fluids and tis- has recently become possible (for example, quadrupole—
sue/cell extracts. TOF, TOF-TOF, quadrupole—ion trap, etc.). In this way,
combination of the strengths of each analyzer is achieved
greatly improving the outcome of the proteomics research.
4. Mass spectrometry: advances in instrumentation Furthermore, although MALDI has been traditionally
coupled to time-of-flight and ESI to quadrupole mass filter
Mass spectrometry has been very effectively coupled to orion trap analyzers, mass spectrometers have been recently
both 2DE and liquid chromatography (LC) methodologies developed that combine ESI with TOF as well as MALDI
so as to achieve protein identification. In brief, analysis of with quadrupole-ion trap$27,43].
a protein/peptide molecule (analyte) by mass spectrometry
occurs in three major steps: (i) ionization of the protein and
generation of gas-phase ions; (ii) separation of ions accord-5. Peptide fingerprinting by mass spectrometry
ing to their mass to charge ratio; and (iii) detection of the analysis
ions. These functions are performed by the three major com-
ponents of a mass spectrometer: the ion source, the mass MALDI and ESI-based mass spectrometry technologies
analyzer and the detector, respectively (reviewd@n?27]). are being widely employed as protein identification tools.
Improvement of mass spectrometry in the last two Most widely utilized is the “bottom-up” approach where
decades, have resulted from changes in several areaproteins are digested with endoproteinases and their peptide
of the mass spectrometer design. Development of themaps (i.e. alist of peptide masses) subsequently obtained and
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characterized by MS. These maps are then searched againd¥S/MS can be utilized for the identification of proteins from
theoretical maps of proteins included in databases (PROWL, protein databases, databases of expressed sequence tags or
EMBL, etc. reviewed if27,44—-46). translated DNA databases. Besides allowing the more reliable
In brief, in the case of 2D gels, for the generation of identification of protein spots, the MS/MS approach enables
peptides, protein spots are excised from the gels and thethe identification of post-translational modifications such as
proteins are in-gel digested with a protease, usually trypsin. phosphorylation and glycosylation. With the current avail-
The peptides generated during digestion can then be directlyability of identification algorithms that analyze the MS/MS
analyzed by mass spectrometry or first separated by LC. Theresults, there is a widespread application of this technology.
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 7 - Appjication of mass spectrometry approaches in
such as Mascot, Sequest, MSFIT, etc. Matches are calculategyjsease research
onaprobability basis and the degree of similarity of the exper-
imental to the theoretical peptide mass is denoted by various  The application of mass spectrometry-based systems
mathematical parameters such as score and delta correlationy, gisease research has been enormous. This methodology
depending on the algorithm in use. Typically, a minimum of hag heen applied in the investigation of infectious diseases,
four peptide molecular weight matches is recommended 10 giseases of the central nervous system, heart and cancer
reduce the possibility of false-positive matches. (reviewed in[49,56—65). Many changes in protein levels
Notably, peptide mapping of spots detected in 2D gels resulting from specific disorders have been identified by
has been adapted to high-throughput platforms. Coupling of proteomic approaches. This field is too broad to be covered
MALDI-TOF-MS to 2D gels has been automated, enabling in this review and our present work is confined to provide
the analysis of thousands of samples per day with a minimal some highlights and specific examples drawn from the

involvement of the operat@47—-49} With this approach, typ-  application of mass spectrometry-based systems in neuronal
ically anidentity is assigned to 60—-80% of the spots analyzed. gisease and cancer diagnostics.

In contrast to the “bottom-up” (i.e. from the peptides to
identify the protein), an alternative “top-down” approach for
protein identification has been recently developed which in- 7.1. Neurological diseases
cludes the direct MS analysis of intact proteifg®-52]
In this case, protein fragmentation takes place electroni- Our group and others have applied proteomics in the
cally during the MS analysis (for example using Fourier- investigation of protein changes in disorders of the central
transform mass spectrometers in conjunction with electron nervous system, like Alzheimer's disease (AD) and Down
capture dissociation). This methodology, provides the advan-syndrome (DS[64,66—73] reviewed inf49]). Samples from
tage of studying the protein along with its post-translational five regions of the brain of the control (i.e. with no history of
modifications as a whole, however, its application is still lim- neurological disease) and the disease groups were analyzed
ited, due to primarily the lack of optimized relevant experi- by 2D gels and the proteins with different levels in the disease
mental methodologies and, with the exception of the Prosight groups were identified by MALDI-MS. In the disease groups,
software developed by Taylor et §b1], the lack of specific ~ we found up to about 10-fold increased levels in the AD brain
software for the analysis of MS data from intact proteins.  of the glial fibrillary acidic protein (GFAP), a known marker
of neuronal decay and brain damage, which distinguishes
astrocytes from other glial cells during development of the
6. Peptide sequencing by tandem mass spectrometry central nervous systefé6]. We also observed increased lev-
els for the 14-3-3 and 14-3-3 proteins in the Alzheimer’s
The drawback of peptide mapping is that protein identifi- and Down syndrome groups by about 1.5-ffid]. The 14-
cations can be ambiguous. In this case, amino acid sequenc&-3 proteins exert complex functions in signal transduction
analysis has to be performed. An alternative to the traditional pathways. Deranged levels may reflect impaired signaling
Edman degradation procedure is the generation of peptide-and apoptosis in the brain. The levels of synaptosomal asso-
sequence tags by tandem mass spectromgiB-56] re- ciated protein 25 kDa (snap-25) decreased in the two disease
viewed in[27,34,44). MS/MS or tandem mass spectrometry, groups to approximately 40966]. Snap-25 is widely dis-
is based on the detection and molecular mass determinatiortributed in the brain, is an integral constituent of the synaptic
of fragment ions that are formed either spontaneously (post-core complex, participates in synaptic vesicles exocytosis and
source decay or PSD) or by induced fragmentation (collision- is involved in the formation of presynaptic sites. Decreased
induced dissociation or CID) from an intact ion. Simply snap-25 levels may lead to deranged functions in exocytosis
stated, following their ionization and desorption, peptide ions and neurotransmission. As an examéy. 1 shows the
may be fragmented to produce secondary ions which, can bespots representing the 14-3-3 and snap-25 proteins with de-
separated in a second mass analyzer to give the mass peranged levels in DS and AD. The reason for the change in the
charge (V2) of these fragment ions. Information obtained by position of SNAP-25 in ADFig. 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-polyacrylamile gels. Th
gels were stained with Coomassie blue. The proteins were identified by MALDI-MS. The spots representing proteins with different levels in theccontrol
diseased groups, 14-3-and+y and synaptosomal associated protein 25 (snap-25), are indicated.

Additional changes in the levels of several other brain cell carcinomas (TCC) and squamous cell carcinomas (SCC)
proteins, such as glycerol 3-phosphate dehydrogenase(reviewed in[76—79). The database contains profiles of
dihydropyrimidinase-related protein (DRP) 2, synaptotag- 3159 cellular proteins with 578 proteins identified, and a
min, voltage-dependent anion channel proteins VDAC1 and urine database listing 339 proteins of which 124 have been
VDAC2 were also observe8—-74] The technology is also  identified. Comparing the SCC 2D gel protein expression
being utilized to study changes in the brain proteins of an- profiles to the 2D gel proteome of normal biopsies, both
imals serving as models for neurological diseases, such agjuantitative and qualitative differences in several proteins
ischemia, anxiety and pain. were identified. Those not observed in the normal profiles

An alternative approach including ICAT labeling of pro- were keratins 10, 14, 16, migration inhibitory factor-related
teins in combination with micro-capillary LC-MS analysis proteins (MRPs) 8 and 14 and psoriagif—81]
was used by Johnson et §if5], for the study of cell death Nuclear matrix proteins as bladder cancer specific mark-
processes that occur in neurons following DNA damage. Pro- ers have also been identified by 2DE and M&(83], re-
teins from primary cultures of cortical neurons cultured under viewed in[84,85)). Three of these proteins, BLCA-1, -4 and
control or conditions that induce DNA damage, were labeled -6, were micro-sequenced and the peptide information uti-
with light and heavy (with deuterium) isotopic versions of lized to develop specific antibodies. When comparing the
the ICAT reagents. These reagents contain a biotin affinity BLCA-4 urine levels of bladder cancer patients with normal
tag and a thiol reactive group so as to interact with the cys- controls using an immunoassay, a sensitivity of 94.6% and a
teine residues. Following their labeling, proteins were fur- specificity of 100% in detecting bladder cancer were achieved
ther digested with trypsin and the resulting peptides loaded [83].
onto an avidin column for enrichment for the ICAT-labeled Halmer et al[86] have followed a different approachin the
forms. The peptides were then separated by the use of microsearch for disease biomarkers: The have combined IEF, as the
capillary reverse phase LC coupled on line with either ESI- first dimension, with LC, as the second dimension in protein
ion trap MS or ESI-FTIC mass spectrometer. Using this ap- separation, with ESI-TOF and MALDI-TOF MS for protein
proach, identification and relative quantification of 150 pro- quantification and identification. Applying this methodology
teins was achieved which indicated alterations in the levels to study protein lysates from benign and malignant breast
of various proteins following DNA damage. These included epithelial cells, various potential markers for breast cancer
enzymes involved in glycolysis, anti-oxidative and stress pro- were detected.
teins, proteins involved in neurite degeneration, as well as  Besides the application of 2DE or liquid chromatography-
proteins linked to neurodegenerative diseases such as Talhased systems, recent studies have evaluated the

14-3-Z, cofilin, etc. surface-enhanced laser desorption/ionization time-of-
flight (SELDI-TOF) mass spectrometry system in the search
7.2. Cancer for disease biomarkers. This system which can be considered

as a variation of the MALDI technology, has recently been

The two-dimensional electrophoresis systems in combi- developed and is based on utilization of chemically or
nation with mass spectrometry have also been extensivelybiochemically predefined ProteinCigArrays as capturing
utilized in the quest for cancer biomarkers. In the case of surfaces for protein molecules (reviewed[&7]). The bio-

bladder cancer, extensive 2DE of bladder tumor cells and logical sample is directly applied on to the chips and proteins

urine samples has led to a comprehensive 2D database foare captured according to their affinity for the chemical (hy-

bladder cancer which includes profiles of both transitional drophobic, ion exchange, normal phase, immobilized metal)
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or biological (carrying prebound antibodies, ligands, etc.) cancers as well as urine fingerprints for renal cell and bladder
surface. Retained molecules are then washed with bufferscarcinomas[91-98] In each of these studies a different
of various stringencies and analyzed by MALDI-TOF. computational approach was employed to analyze the
Although the resolving power of 2DE remains unchal- SELDI data, including a genetic algorithf@3], a decision
lenged, this approach is more rapid and has an increasedree [91,92,95,96,98]a support vector machine algorithm
throughput compared to 2D electrophoresis. In addition, [94] and neural network§d7]. Each method appeared to
due to the utilization of the protein chips it also overcomes be effective in developing accurate classification systems,
several problems associated with the sample preparation fomotably, without previous identification of the protein peaks
MALDI-MS, most notably enabling the direct analysis of that consist the cancer and non-cancer fingerprints.
“crude” samples such as body fluids and cell extracts. As expected, besides its strengths, the SELDI approach
Using this system, distinct protein patterns of normal, has also several limitations. As summarized in the review
premalignant, and malignant cells for prostate, ovarian, by Diamandis[99] these include: (i) The identification
esophageal, breast, and hepatic cancers have been uncovered the protein peaks that are differentially expressed in
([87—89] reviewed in[87]). Fig. 2 shows SELDI mass the disease, requires their relative purification which is
spectra of sera from breast cancer patients. As shown,technically challenging; (ii) Similar to the 2D systems,
multiple protein peaks are differentially expressed in the the SELDI technology, unless coupled to fractionation
cancer versus the control samples. The identity of thesemethodologies, allows the detection of primarily the high
breast cancer-associated peaks is not yet known. Similarabundance proteins; (iii) comparison of the expression levels
studies on bladder cancer have identified defensias of the protein peaks is difficult due to the inherent limitations
a potential marker for the disease in urif@]. Recent of mass spectrometry in protein quantificati@7,44}, (iv)
reports also provide evidence that analysis of SELDI data improvements/adjustments in instrumentation as well as
by “learning” algorithms can lead to the identification of in the mathematical algorithms and computing resources
serum protein “fingerprints” of prostate, ovarian and breast associated with the SELDI analysis (i.e. algorithms for
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Fig. 2. Potential breast cancer biomarkers (arrows) detected by the SELDI technology. The mass spectra (right) can also be visualized in éigejrey scal
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peak identification, protein pattern recognition algorithms, types of 2D protein maps have been generated and become
etc.) will be required prior to the clinical application of this available through the world-wide wel9,76] These tools
technology as a diagnostic/prognostic tool. greatly facilitate research by providing protein map resources
Besides the SELDI technology, imaging mass spectrom- and efforts are underway to further expand these resources
etry is an exciting new technology for analysis of protein [106,107] With the advent of the available high throughput
expression in mammalian tissues. Caprioli and colleaguesapproaches there is a definite need for database integration
recently demonstrated the use of this technology for directly from multiple sources and development of user interfaces that
mapping proteins present in tissue sections of various tu- allow data entry, visualization and retrieval. Simply stated, an
mors [100-103] Briefly, frozen tissue sections are applied open-minded database has to be established to allow contin-
on MALDI-plates, and following cell lysis, mass spectra are ual additions of data and integration of information acquired
collected at different intervals. With this approach, the spatial by different centers of expertise.
distribution of protein peaks throughout the tissue sectionis It should not also be overlooked the fact, that the ability
provided and proteins with differential expression in the nor- of new technologies to identify large number of proteins,
mal and diseased tissue are identified. Imaging MS showsbrings up the new challenge of marker validation. In the short
potential for a number of applications including biomarker term, this process entails multi-institutional collaborations to
discovery and biomarker tissue localization as well as in pro- address the portability of the methodology, as well as the
viding a better correlation of the tumor histopathologic phe- presence of the marker in a geographically diverse cohort of
notype with its molecular profile. patients, whereas in the long run, well-designed clinical trials
will have to be established.

8. Concluding remarks: future challenges
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