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Proteomics is a rapidly developing field and it opens new horizons
in many research areas of life sciences. In the field of medicine,
proteomics promises to accelerate the discovery of new drug targets
and protein disease markers useful for in vitro diagnosis. In this
article, we review the current proteomics technologies for bio-
marker discovery and validation, which include two-dimensional gel
electrophoresis, one- and two-dimensional liquid chromatography,
and proteomic microarrays. We will also review proteomic strate-
gies for protein–protein interactions and identification of post-
translational modifications. Selection of the more effective technol-
ogy or combination of technologies is required to maximize the
interpretation and utility of the data.

Keywords: 2D electrophoresis; multiple dimensional chromatography;
post-translational modification; proteomic microarrays; proteomics

The proteome is the temporal cell or tissue-specific protein com-
plement of the genome, encompassing all proteins expressed at
any given time, including various protein isoforms and their co-
and post-translational modified forms (1–4). Proteomics is an
emerging scientific field that involves the identification, charac-
terization, and quantification of proteins in whole cells, tissues,
or body fluids (1). Protein characterization, in an ideal situation,
includes amino acid sequence analysis, post-translational modi-
fications (PTMs), splice variants, and the identification of its
binding partners and cellular localization (1).

The underlying reason for proteomic investigations is that
proteins are often expressed in quantities and physical forms
that can not be predicted from DNA and mRNA analysis. Thus
expression analysis directly at the protein level is necessary to
unravel the critical proteome changes that occur as part of
disease pathogenesis. The proteome ultimately dictates the func-
tion of the cell, and therefore dictates phenotype. The proteome
undergoes dynamic changes as it continuously responds to auto-
crine, paracrine, and endocrine factors, bloodborne mediators,
temperature, drug treatment, and developing disease over time.
This complex interplay results in a highly variable proteome, dy-
namically reflecting protein production, co- and post-translational
modification, degradation, and secretion. Proteomic strategies
are attracting increasing interest for identification of tissue mark-
ers and for providing data for analysis. In addition, proteomics
gives the unique opportunity to develop blood-based biomarkers
to be used for diagnosis, prognosis, and therapy modulation (5).

Proteomics is driven by the state-of-the-art analytical and
biochemical technologies and it opens new horizons in many
research areas of life sciences, particularly in the field of medi-
cine. Clinical proteomics has been defined as application of pro-
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teomics specifically to the field of medicine, which promises to
accelerate the discovery of new drug targets and protein disease
markers useful for in vitro diagnosis (6). Useful biomarkers pre-
dict the extent and duration of organ damage, anticipate clinical
outcomes, and evaluate the usefulness of therapeutic strategies.
In theory, any protein change or protein modification that is
tightly associated with a disease state has the potential to be a
biomarker. The minimum criteria used to determine whether a
particular protein is a potential biomarker (7–9) are listed in
Table 1. Sample sources for biomarker could be tissues, body
fluids, or cells.

Typically there are two strategies for biomarker discovery:
tissue to serum or serum directly. In the first strategy, biomarkers
are discovered in tissue and validated in serum. In the second
strategy, biomarkers are discovered and validated in serum or
plasma directly. The development of proteomics biomarkers
should proceed in a systematic way and follow the phases of
discovery and validation.

This review will discuss current proteomics technologies that
are used for biomarker discovery and validation, and will also
cover protein–protein interactions, and identification of PTMs,
which are closely associated with biomarker and drug discovery.

PROTEOMICS PROFILING AND DISCOVERY
OF BIOMARKERS

The first approach for proteomics-based biomarkers is global
proteomics profiling. Owing to its diversity and complexity, the
proteome cannot be resolved completely by a single technology.
Proteomic studies have demonstrated that the most effective
proteomic analysis of even a simple biological system requires
combinations of protein separation and identification tech-
niques. Listed in Table 2 are the major proteomics tools for
quantitative analysis, and listed in Table 3 are proteomics tools
for characterization (or nonquantitative) analysis. The use of
combinations of complement technologies allows us to analyze a
large spectrum of the proteome. However, the choice of which
technologies to use must be driven by underlying clinical or biolog-
ical questions. For an example of such a strategy see Figure 1.

Sample Preparation and Subcellular Fractionation

The technical difficulty in identifying and characterizing proteins
is proportional to the complexity of the sample being analyzed.
Essentially, there are two approaches to overcome this complex-
ity: isolation of subproteomes (that reflects functional units such
as organelles), or isolation of classes of proteins with similar
chemical property (e.g., phosphorylation). The “best” subpro-
teome preparations will have minimal contamination from other
subproteomes or organelles, preserve any PTM induced during
the biological intervention while not introducing any artificial
PTM during processing, and be reproducible. Such subpro-
teomes include mitochondria, membrane fractions, ER, and
golgi, as well as individual protein networks. An example of a
specific subproteome protocol that was developed for proteo-
mics is IN-Sequence, which separates the cardiac muscle pro-
teome into cytoplasmic proteins and myofilament/contractile
proteins (10–13).
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TABLE 1. MINIMUM CRITERIA OF A BIOMARKER

1. Is specific to (or closely associated with) organ and/or to disease process
2. Can segregate the different clinical entities
3. Is not present (or increased) in diseases sporadically associated with milder

forms of the disease
4. Preferably not present in healthy individuals regardless of age (novel

expression with disease process with little or no biological variation [age])
5. Is present in sufficient concentration in blood for reliable measurement
6. Is stable in blood (serum or plasma) and with storage over time

Protein Separation Methods

There are two approaches for proteome analysis: intact protein
separation and peptide separation. Protein separation methods
include one- and two-dimensional gel electrophoresis (1-DE and
2-DE), one- and two-dimensional liquid chromatography (1D
LC and 2D LC), and affinity chromatography for selective isola-
tion of a target protein or protein complex. Peptide separation
is more limited and includes multidimensional liquid chromatog-
raphy and selective enrichment of a subset of peptides which is
highly representative of the parent proteins.

Two-dimensional gel electrophoresis. A cornerstone of proteo-
mic analysis and protein separation remains 2-DE. Two-dimen-
sional gel electrophoresis separates intact proteins in the first
dimension based on intrinsic pI (isoelectric focusing [IEF]), and
in the second dimension by molecular weight (MW or mass).
Two-dimensional gel electrophoresis is one of only a few meth-
ods that are able to routinely detect PTMs of proteins even in
complex mixtures. However, 2-DE is limited by the solubility and
mass of the proteins. Therefore, considerable effort is needed to
optimize technical issues involved in maximizing protein solubili-
zation at each stage of 2-DE (14, 15). This includes the optimiza-

TABLE 2. PROTEOMIC TOOLS FOR QUANTITATIVE ANALYSIS

Discovery or Peptide or Characterization
Method* Validation Protein Quantitative (isoform � PTM) Limitations Cost

One-dimensional gel Discovery Protein Very limited† Very limited§ Very limited resolution; limited PTM and Inexpensive
electrophoresis (densitometry) isoform determination

Two-dimensional gel Discovery Protein Yes (densitometry/ Yes Limited solubility with loss of high and low Reasonable
electrophoresis flourescence) Mw and hydrophobic proteins, complex

image analysis
One-dimensional liquid Discovery Protein Very limited† Limited§ Solubility dependent extraction, complex Reasonable

chromatography (absorbance or protein mixtures per fraction, complex
(RP, SEC, CXC or AXC) MS-based) data analysis

Two-dimensional liquid Discovery Protein Limited†‡ Yes Solubility dependent extraction, complex Expensive
chromatography (absorbance or protein mixtures per fraction, complex

MS-based) data analysis
iTRAQ MS-based (or ICAT Discovery Peptide Yes (mole ratio) No Limited proteome coverage unless coupled Expensive

MS-based) with protein LC prefractionation
Heavy atom labeling (SILAC) Discovery Peptide or protein Yes (mole ratio) No Need to be coupled with peptide or protein Expensive

separation
16O/18O labeling Discovery Peptide Yes (mole ratio) No Need to be coupled to protein separation Expensive
Antibody multiplex assays Validation Protein (limited Yes No¶ Detection by a secondary antibody increases Expensive

with peptide) specificity, Detection by MS limits
quantification but allows potential
detection of PTM

ELISA (RIA) Validation Protein Yes No¶ assessment of single protein Inexpensive

Definition of abbreviations: AXC, anion exchange chromatography; CXC, cation exchange chromatography; ELISA, enzyme-linked immunosorbent assay; iTRAQ,
isobaric tagging for relative and absolute quantitation; LC, liquid chromatography; MS, mass spectrometry; PTM, post-translational modifications; RIA, radioimmune
assay; RP, reversed-phase; SEC, size exclusion chromatography; SILAC, stable isotope labeling by amino acids in cell culture.

* Common proteomic methods in practice today; however, other specialized methods have not been included.
† Very limited due to complexity of protein/peptide per fraction (co-elution or co-migration); however, can be coupled to downstream MS-based quantitative method.
‡ Limited, but if monitored at 210 nm or 280 nm can be semiquantitative.
§ Can detect PTM on one parameter that is used for the protein separation.
¶ PTM can be detected if specific antibodies are used.

tion of sample solubilization, loading and running conditions for
IEF which require testing various combinations of detergents,
optimizing the ramping and duration of IEF (14, 15), and special-
ized methods to improve incorporation of high and low mass
proteins (16) and basic proteins (17).

Gel image analysis. Advanced gel image analysis is necessary
to compare multiple gels for accurate protein quantification.
This quantification can be accomplished using sophisticated com-
parison algorithms in software programs. Unfortunately, due to
variation between gels, no two gel images are directly superim-
posable, and warping is required to overlay and compare. This
limitation makes image comparison complex, particularly be-
tween samples with markedly different spot patterns or when
subtle protein changes are under investigation. Currently two
options are available to investigators: (1) software programs can
be purchased and used in-house for gel image analysis with
extensive manual editing, and (2) companies will provide image
analysis on a contract basis.

Differential in-gel electrophoresis (2D-DIGE) is a fairly re-
cent improvement of the 2-DE technology. Before gel electro-
phoresis, the proteins from different disease states or experi-
mental treatments are separately labeled with two different
fluorescent dyes and an internal pooled standard labeled with
the third dye. These three dyes are matched with mass and
charge and each has a different emission wavelength. The labeled
samples are then combined and subjected to 2-DE. The gel is
scanned at different emission wavelengths and multiple images
corresponding to a set of samples are generated and overlaid.
Figure 2 shows an example of a pair of samples analyzed on two
different gels stained with silver and also analyzed using 2D-
DIGE. DIGE allows the differentially regulated proteins to be
viewed as changed in color. Although 2D-DIGE significantly
improves gel reproducibility and minimizes alignment issues (at
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TABLE 3. PROTEOMIC TOOLS FOR CHARACTERIZATION ANALYSIS

Discovery or Peptide or Characterization
Method* Validation Protein Quantitative (isoform � PTM) Limitations Cost

One-dimensional liquid Discovery Peptide No† (absorbance or No Solubility-dependent extraction, complex protein Expensive
chromatography (RP, MS-based) mixtures perfraction, complex data analysis
SEC, CXC or AXC)

IMAC MS Discovery Peptide No Phosphorylation Normally needs to be coupled to protein Expensive
separation method and LC/MS/MS

Glycopeptide capture Discovery Protein No N-linked carbohydrates Requires LC/MS/MS and appropriate software for Expensive
analysis

Antibody-based purification Discovery Protein No Specific to antibody Nonspecific binding of antibody, incomplete Expensive
binding of all possible proteins, normally
needs additional protein separation

Reversed arrays Discovery/ Protein No Limited Assessment of single protein per assay, potential Reasonable
validation denaturation of antigen, nonspecific binding

Definition of abbreviations: AXC, anion exchange chromatography; CXC, cation exchange chromatography; IMAC, immobilized metal affinity chromatography; LC,
liquid chromatography; MS, mass spectrometry; PTM, post-translational modifications; RP, reversed-phase; SEC, size exclusion chromatography.

* Common proteomic methods, however, other specialized methods have not been included.
† Very limited due to complexity of protein/peptide per fraction (co-elution or co-migration), however, can be coupled to downstream MS-based quantitative method.

least within the paired samples) (18, 19), some issues regarding
quantification and translating gel maps to allow protein spot
excising for downstream mass spectrometry (MS) identification
remain.

Mass spectrometry analysis coupled to 2-DE analysis. Proteo-
mics and proteomics-based biomarker discovery have been
greatly advanced with the development of MS methods. Spots
from 2-DE are excised and the proteins are subjected to in-gel
digestion; the resulting peptide fragments are then identified by
MS. Typically there are three ways to identify the peptides by
MS: peptide mass fingerprinting (PMF), tandem MS (commonly
referred to as MS/MS), and post-source decay (PSD). With pep-
tide mass fingerprinting (PMF), high accuracy mass-to-charge
(m/z) ratios are usually obtained from a matrix-assisted laser
desorption/ionization–time of flight (MALDI-TOF) or Fourier
transform ion cyclotron resonance mass spectrometer (FT-ICR
MS). These m/z ratios for the observed peptides are used to
compare with theoretical peptide masses (calculated from each
amino acid sequence entry in protein database) to identify the
parent protein. MS/MS spectra are usually generated from an
ion trap or quadrupole time-of-flight mass spectrometer (Q-TOF
MS), and PSD information is from MALDI-TOF. In MS/MS,
the parent ion is isolated and fragmented to daughter ions, and
the daughter ions are then detected. In PSD, the fragmentation
occurs after the source, in the flight tube. MS/MS and PSD can
be used for de novo sequencing and the exact sites of PTMs can
be located. For identification of proteins from 2D gel spots,
MALDI-TOF (for PMF) is generally used; however, if unambig-
uous results cannot be obtained or PTM information is needed,
MS/MS information or PSD is required. Figure 3 shows the
schematic diagram for the workflow of 2D gel spot analysis.

Frischer and coworkers have applied 2-DE successfully to
study cystic fibrosis (CF) (20). They generated a differential
protein expression pattern in CF bronchial biopsies from eight
control subjects and nine patients with CF. Biopsies (pools of
three per patient) were taken; proteins were then extracted and
run on 2-DE, with subsequent in-gel digestion and MS identifi-
cation. Quantification of proteins was done using specific soft-
ware. A total of 366 protein spots were identified and compared
between groups. They found that the chaperone 75-kD glucose-
regulated protein and ubiquinol–cytochrome c reductase com-
plex core protein I and one form of nidogen, a pseudogene of
aconitase 2, were increased in CF (p � 0.005). Aberrant protein
levels may reflect molecular changes of CF as well as CF-linked
inflammation, infection, and cellular stress response.

One- and two-dimensional liquid chromatography approaches
to protein separation. One particularly powerful methodology
that has not been extensively used yet in proteomics is protein
separation by one- and two- dimensional liquid chromatography
(1D LC and 2D LC). One-dimensional liquid chromatography
can be used to separate proteins based on their size (mass), pI
(charge), or hydrophobicity—the three chemical characteristics
that define any given protein. The most commonly used 1D
LC is reversed phase chromatography, which separates proteins
based on hydrophobicity. In proteomic studies, 1D LC has been
used primarily for peptide separation before MS analysis, but it
can be used for protein separation before protein enzymatic
digestion and MS (21, 22). In 2D LC, proteins are separated in
the first dimension by isoelectric chromatography (pI) (or strong
cation exchange chromatography) and in the second dimension
by hydrophobicity (23, 24), thereby increasing the extent of
protein fractionation compared with 1D LC. As with 1D LC,
this method has been used primarily in proteomics for peptide
separation; however, it is increasingly being applied to separation
of complex intact protein mixtures (22, 24–26). A combination
of proteome separation by 2-DE, 1D LC, and 2D LC is syner-
gistic and expands the observable proteome while allowing de-
tection of protein isoforms and PTMs. In our laboratory, we
compared 2-DE and 2D LC by creating an extensive database
for serum (24) and isolated inner mitochondrial subproteome
(22), and the findings were that only about 12% of the proteins
observed were common between the two platforms.

When comparing the elution profiles of multiple samples
obtained from different experiment conditions, it is essential to
be able to both quantify (or obtain molar ratio) and identify the
proteins present in the various fractions generated from the 2D
LC separation. The reversed phase elution profile is monitored
at 214 nm, the absorbance for peptide bonds. Hence, the elution
peak volume is directly proportional to the number of peptide
bonds present and thus reflects both the mass of the protein and
its concentration. However, because in general multiple proteins
are present in most of the 2D LC fractions, differential labeling
is necessary at or after the time of tryptic digestion for the
purpose of quantitation (see below). The standard strategy is
to normalize and overlay elution profiles using sophisticated
software and then quantify only the fractions that vary between
samples. There are still needs for the development of more
sophisticated quantitative and matching/alignment programs
that would be similar to those used in 2-DE.
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Figure 1. Schematic diagram of proteomic profiling analysis.
The proteins are either separated using two-dimensional gel
electrophoresis (2-DE) or one-/two-dimensional liquid chro-
matography (1D LC or 2D LC). The resulting spots are digested
and identified by mass spectrometry (MS) in the 2-DE ap-
proach, and the quantitation data are obtained by gel image
analysis. In the 2D LC approach, the resulting fractions are
digested and labeled with isotopic reagents followed by MS
analysis. The MS data are used for protein identification and
quantitation.

Isotopic labeling and mass spectrometry analysis. For protein
quantitation, several isotopic labeling techniques have been de-
veloped (27), and they can be divided into two main categories:
globally adding labels in vitro before or after protein digestion,
and metabolic labeling of proteins in vivo.

For the first category, two labeling techniques, isobaric tag-
ging for relative and absolute quantitation (iTRAQ) (28) and
16O/18O labeling (29), are particularly useful. Briefly, iTRAQ
reagents label free amines (N-termini of peptides and lysines).
Up to four different samples with equivalent amounts are di-

Figure 2. An example of two samples stained with silver (A and B ) for comparison or analyzed
using 2D DIGE (C ). (A ) Sino-atrial node cells without treatment (control); 150 �g was loaded
onto 18 cm 10% Bis-Tris gels, silver stained. (B ) Sino-atrial node cells treated with protein
kinase inhibitor for 5 min; 150 �g was loaded onto 18 cm 10% Bis-Tris gels, silver stained.
(C ) 2D DIGE image with control labeled with Cy3 (green) and protein kinase inhibitor treated
sample labeled with Cy5 (red).

gested with trypsin separately, and each digest is then labeled
with an iTRAQ reagent 114, 115, 116, or 117. Strong cation
exchange is carried out to clear the peptide mixture from the
reaction reagents, or to fractionate complex peptide mixture
before LC-MS analysis. The intensity of the reporter ions in the
tandem mass spectra (114.1, 115.1, 116.1, and 117.1) is used to
quantify the peptides, and the average ratios of different peptides
from the same proteins are used to quantify the protein amount.
Second, the incorporation of the heavy or light oxygen isotopes
can be accomplished during proteolysis—often referred to as
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Figure 3. Schematic diagram for the work flow of 2D gel spot. Typically
the proteins are in situ digested to peptides and the resulting peptide
mixture is then analyzed on MALDI-TOF MS for PMF. After database
search, if the protein is not identified or PTM is also needed, the peptide
mixture will be analyzed on MALDI-TOF in the PSD mode, or the peptide
mixture will be analyzed on an ion trap instrument or Q-TOF to get
MS/MS spectra. After database search or de novo sequencing, the pep-
tide can be identified and the PTM can be identified and located.

16O/18O labeling, which allows quantitative comparison between
two samples. During proteolytic cleavage of proteins, two oxygen
atoms from the solvent are incorporated universally into the
carboxyl termini of all tryptic peptides. Thus, by incubating the
peptides in either heavy or light oxygen water after the enzymatic
digestion, selective incorporation of 18O or 16O will occur. The
ratio of abundance between two samples can be obtained by the
ratio of the two peaks separated by 4/z (z is the charge state of
the peptide). This method may require reverse labeling to con-
firm the results, and it is restricted to two samples. However,
the big cost difference between the two methods makes it reason-
able to use the much more expensive iTRAQ method only when
it is necessary to compare more than two samples. Figures 4 and
5 show the schematic diagrams of iTRAQ and 16O/18O labeling
methodologies and example mass spectra. 16O/18O labeling has
been applied for comparative proteomics analysis in adenovirus
(29) and breast cancer (30, 31). iTRAQ has been successfully
used to quantitate proteins from yeast whole cell lysates (28),
murine cell cultures (32), and Escherichia coli (33).

Figure 4. Overview of
iTRAQ reagents meth-
odology. The left sche-
matic diagram shows
the flow of iTRAQ
methodology, and the
spectra on the right
shows an example MS/
MS spectrum. The con-
trol was labeled with
116.1 and the test
sample was labeled
with 117.1 with a ratio
of 3.16:1 as shown in
the insert on the right.
This peptide VSISEGDD
KIEYR is from fibrillarin.
The MS/MS spectrum is
used courtesy of Shijun
Sheng, Johns Hopkins
University.

An alternative approach is to grow proteins already labeled
(metabolic labeling). Lahm and Langen (34) and subsequently
Oda and coworkers (35) used the 15N-substituted media for the
purpose of quantifying differences between states of microorgan-
isms. These cells labeled with 15N-proteins were then mixed with
a second pool of cells grown in media containing naturally abun-
dant nitrogen. The value of labeling the proteins in vivo is that
labeled and unlabeled cells or tissues can be mixed together
before introduction of any variability that will occur during the
sample preparation process. Conrads and associates extended
this approach to mammalian cells by using commercially avail-
able media containing 15N-labeled amino acids (36). A variety
of 15N-, 2H-, and 13C-labeled amino acids have been used to label
specific amino acids in cells grown in culture (37, 38). The use
of labeled proteins is not only restricted to cell culture systems,
it has been extended to tissue and even to entire multicellular
organisms. Krijgsveld and colleagues labeled nematodes and
fruit flies by feeding them 15N-enriched bacteria and yeast, re-
spectively (39). Wu and coworkers have demonstrated that it is
feasible to grow a rat entirely labeled with 15N (40).

Two-Dimensional Liquid Chromatography Approach to
Peptide Separation

Analysis of complex peptide mixtures of digested proteomes
is termed shot-gun or multidimensional protein identification
technology (MudPIT) (41). This method involves tryptic diges-
tion of protein mixture followed by multidimensional liquid
chromatography (typically strong cation exchange followed by
reverse phase chromatography) and MS analysis. Using MudPIT
in combination with 1-DE, Guo and associates have identified
297 unique proteins from mouse bronchoalveolar lavage fluid
(BALF) proteome, greatly expanding the BALF proteome by
about threefold regardless of species (42).

Another peptide-based protein identification technique, dif-
ferent from MudPIT, is called combined fractional diagonal
chromatography (COFRADIC). In COFRADIC, the proteins
are first digested to peptides. A subset of peptides, which is
highly representative of the parent proteins originally present
in the lysate, are then selected. COFRADIC reduces the com-
plexity of the peptide mixture. Theoretically, any peptide car-
rying a group that can be specifically and quantitatively modified
can in principle be selected. It is sensitive and is characterized
by a broad protein coverage, including abundant and rare, large
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Figure 5. Overview of 16O/18O label-
ing methodology. The left schematic
diagram shows the flow of 16O/18O
methodology, and the spectra on the
right shows an example mass spec-
trum. The control was labeled with
16O and the test sample was labeled
with18O with a ratio of 1:1.5, and this
peptide GEMDTFPTFK is from ATP
synthase subunit F. The MS spectrum
is used courtesy of Shijun Sheng, Johns
Hopkins University.

and small, acidic and basic, and hydrophobic proteins. This con-
cept has been applied to select methionine-containing peptides
(43) and N-terminal peptides (44).

Whole Mass Monitoring of Intact Proteins

Mass analysis of proteolytic peptides is a much more popular
method of protein characterization, as cheaper instrument de-
signs can be used for characterization. In addition, sample prepa-
ration is easier once whole proteins have been digested into
smaller peptide fragments. The intact proteins can also be ion-
ized using electrospray ionization (ESI) or MALDI and intro-
duced into a mass analyzer, primarily a TOF MS or FT-ICR
MS. These two types of instrument are preferable here because
of their wide mass range, and in the case of FT-ICR, its high
mass accuracy. MALDI produces predominately singly charged
molecular ions (although larger proteins can produce multiply
charged ions), making the analysis of mixtures very much
straightforward. In ESI, multiply charged molecular species are
formed from the analytes that contain more than one possible
site of proton attachment. Proteins usually exhibit a characteris-
tic series of multiple charged ions. The molecular mass of the
protein can be easily calculated using the observed masses of
any two adjacent ions in the series. Using whole mass monitoring,
we have identified 24 proteins from the serum albuminome (a
subset of proteins associated with albumin in serum) (45).

Proteomics Profiling Using Surface-enhanced Laser
Desorption/Ionization TOF MS

Surface-enhanced laser desorption/ionization (SELDI)-TOF has
led to a vast increase in the number of publications about new
serum biomarkers since its introduction (46), and it has excellent
potential for protein profiling. Technically, ProteinChip array-
based SELDI-TOF MS is a variant of MALDI-TOF, but the
on-chip purification is a great advantage. Twelve eight-spot chips
are assembled in 96-well “bioprocessors,” which improves the
expression analyses of many samples simultaneously. The sub-
fraction of the proteome bound to the chips can be analyzed
with MS on the same chip, resulting in a “pattern” of proteins
characterized by mass-to-charge ratio (m/z). Furthermore, the
technique is especially suitable for analyzing the low-molecular-
weight proteome. The advantage of SELDI-TOF MS is that it
does not rely on evidence of a gold-standard biomarker, but

rather on combinations of peptide signals. However, substantial
caveats remain, including limited biomarker discovery in com-
plex biological samples, PTM analysis of proteins altered with
diseases, identification of proteins/peptides, and precise protein/
peptide quantitation (47). Platforms for direct on-chip sequenc-
ing of detected biomarkers by Q-TOF MS have become avail-
able, thus increasing the feasibility of the identification of dis-
criminative proteins (48). SELDI-TOF MS has been applied to
cancer tissue (49), plasma (50), serum (51), and nipple aspirate
fluid (52). de Torre and coworkers have successfully used
SELDI-TOF and 2-DE to assess markers of lung inflammation
(53). They studied the changes in bronchoalveolar lavage (BAL)
protein in 33 subjects challenged with local bronchial lung endo-
toxin and saline and in 11 patients with acute respiratory distress
syndrome (ARDS). The temporal changes in acute inflammatory
BAL (6, 24, and 48 h after endotoxin challenge) on hydrophobic
binding chip surfaces revealed the differential presence of four
proteins (all p � 0.001) in the inflammatory BAL. The differen-
tial pattern was also found in the ARDS BAL. They also ana-
lyzed the hydrophobic fraction of the inflammatory BAL using
2-DE and identified increased levels of apolipoprotein A1, and
S100 calcium-binding proteins A8 and A9 in the inflammatory
BAL. This pattern was also found in ARDS BAL after immu-
noblot analysis. These approaches will be useful to improve
current methods of montoring lung inflammation and to identify
new therapeutic targets.

PROTEIN–PROTEIN INTERACTIONS

The stimulation of cells from outside triggers cascades of signal
transduction that results in cellular responses such as growth,
differentiation, and movement. These signals are transduced by
networks of interacting proteins (54). One method to probe
protein–protein interactions is to use a bait protein labeled with
an affinity tag, expressed in cell culture, and then isolated from
lysed cells along with its associated partners by affinity chroma-
tography. The resulting proteins either are separated on 1D gel,
or are digested directly with trypsin and analyzed by LC/MS.
For tissues, antibodies are in general used to pull down the bait
protein and its binding partners. The protein–protein microar-
rays are the high-throughput platforms for study of such interac-
tions. Proteomics, through protein–protein association studies,
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will eventually provide a detailed map of all protein interactions
in the healthy and diseased cells and thus facilitate development
of drugs that selectively target disease-associated pathways while
minimizing unwanted side effects. Understanding how proteins
function by interacting with relevant cellular partners will also
make it possible to evaluate the consequences of gene mutations
on the operation of the cell. This, in turn, should accelerate the
advance of gene therapy and individualized medicine in general
(1).

IDENTIFICATION OF PTMS

Protein structure and activity is often regulated by the enzymatic
attachment and removal of covalent modifications. PTMs may
occur at different stages of disease development, providing clues
indicative of early or late events of transformation. Common
PTMs include phosphorylation, acetylation, glycosylation, ubiq-
uitination, farnesylation, methylation, and sialylation (55). There
are more than 200 post-translational modifications known to
affect a variety of protein functions such as protein–protein
interaction and nucleic acid–protein interaction, stability, local-
ization, and half-life (56). PTM-based biomarkers are proteins
or peptides modified on a specific amino acid residue or residues
and implicated in a specific pathway or biological network lead-
ing to initiation or promotion of a disease. For example, cardiac
troponin I (cTnI) is specifically and selectively degraded at the
C-terminus in the heart with myocardial ischemia. During acute
myocardial infarction, the intact molecule and any degradation
products are released from the heart cell into the blood where
they can be detected (57). Although the detection of cTnI is
now the gold standard for the diagnosis of myocardial infarction,
increased quantities of degradation products have been pro-
posed to increase risk and poor outcome (57).

Protein phosphorylation is one of the most important PTMs,
and it is involved in most cellular signal pathways including cell
cycling (58), signal transduction (59), DNA repair (60), and
carcinogenesis (61). Nevertheless, despite phosphorylation being
acknowledged as a crucial modification involved in many cellular
events, determining the sites of phosphorylation on proteins is
not a routine task. Recently, MS-based methods have emerged as
powerful and preferred tools for the analysis of PTMs, including
phosphorylation due to higher sensitivity, selectivity, and speed
than most biochemical techniques (62–64). MS approaches for
the analysis of phosphorylation sites have mostly relied on using
an instrument capable of tandem MS experiments to determine
the sequence and exact sites of phosphorylation on peptides.
Because of the low stoichiometry of phosphopepitdes in a biolog-
ical sample, they are in general enriched using affinity chroma-
tography before MS analysis (65).

PROTEOMIC MICROARRAYS: VALIDATION
AND DISCOVERY

Proteomics profiling is useful for biomarker discovery; however,
it has inherent limitations. First, it is limited by sample complex-
ity and has great difficulty in finding the low abundance biomark-
ers from hundreds to thousands of other proteins in the biological
sample. Second, it does not provide (or provides only limited)
information on specific proteins, such as biological role of the
proteins, except in context of a particular subproteome. Third,
proteomics is, in general, expensive and time-consuming, and
not compatible with processing large amounts of clinical samples.
Therefore, simultaneous efforts are being made to identify pro-
teins and develop antibody assays for the candidate proteins
identified from global proteomics profiling or other useful pro-
teins (e.g., cytokines).

There has been fascinating growth in the field of large-scale
and high-throughput biology, resulting in a new era of technology
development and the collection and analysis of information.
Elucidatiing the function of every encoded gene and protein,
and understanding the cellular events mediating complex disease
processes, are the challenges ahead. Miniaturized and parallel
assay systems, especially microarray-based analysis, are crucial
to high-throughput biological analysis. In a microarray format,
capture molecules are immobilized in a very small area, and
probed for various biochemical activities. There are two general
types of protein microarrays: analytical microarrays and func-
tional protein microarrays (66).

Analytical Microarrays: Quantitative Assessment of Potential
Biomarkers and Useful Proteins

In antibody microarrays, antibodies, antibody mimics, or other
proteins are arrayed and used to measure the presence and
concentrations of proteins in complex mixtures. They are essen-
tially the same as enzyme-linked immunosorbent assay (ELISA)
except that multiple analytes are quantified simultaneously. They
are desirable platforms for high-throughput and quantitative
assessment of potential biomarkers resulting from proteomics
profiling.

The most common form of analytical arrays are antibodies/
antibody mimic arrays, in which antibodies (or similar reagents)
that bind specific antigens are arrayed on a glass slide at high
density. A lysate is passed over the array and the bound antigen
is detected after washing. Detection is usually carried out by
using labeled lysates or using a second antibody that recognizes
the antigen of interest (multiplex sandwich immunoassay). Assay
performance is evaluated based on (1) ability to measure ana-
lytes across broad dynamic range at sufficiently low coefficients
of variation (CVs), (2) detection of proteins at levels requisite
to capture biologically relevant expression difference, and (3)
generation of standard curves to calculate analyte concentrations
based on detected intensity data. Antibody microarrays require
calibration standard curves to be included in the experiment so
that the concentration of analytes in the samples can be calcu-
lated according to the assay signal. It is critical to obtain recombi-
nant protein standards that mimic the native proteins in the
particular biofluids to be analyzed. The stability and solubility
of the recombinant proteins should also be evaluated, since insol-
ubility of the recombinant protein can have a major impact
on assay precision. Several factors make high quality multiplex
sandwich immunoassay limited to date (67). Matched antibody
pairs are often unavailable for novel proteins, and the cross-
reactivity of the detection antibodies limits the degree of multi-
plexing. Also, with each additional analyte added, it can be time
consuming and costly to select capture and detection antibodies
with high sensitivity and low cross-reactivity for quantitative
mulplexing analysis.

In addition to antibody microarrays, other analytical microar-
rays have been developed, including microarrays for profiling
antibodies in the patient’s serum and plasma, essentially the
reciprocal of that described above. Joos and colleagues used 18
diagnostic markers for autoimmune diseases to form an autogen
microarray and screened for antigen–antibody interactions (68).

Functional Protein Microarrays

Functional protein arrays are composed of sets or proteins or
even an entire proteome that are arranged in an orderly fashion
on a small surface. Unlike the antibody microarrays (mainly
developed for diagnostics and profiling of expression), protein
microarrays have enormous potential in assaying for a wide
range of biochemical activities, as well as drug and drug target
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identification. Protein microarrays can be used to perform
protein–protein, protein–ligand, protein–DNA, protein–RNA,
protein–drug, and enzyme–substrate interactions. For example,
Miksich has demonstrated the potential in using protein microar-
rays to conduct enzymatic assays to identify downstream targets
of kinases (69). Protein microarrays will be the approach of choice
to close the information gap between genomics and proteomics
in the development of new markers for the early detection,
diagnosis, and classification of diseases, as well as drug develop-
ment and drug target identification.

The first great obstacle to overcome is the purification of large
number of recombinant proteins in a high-throughput manner.
Many research groups and companies have contributed tremen-
dous effort in developing high-throughput protein purification
methods, and recombinant proteins have been purified from
E. coli, yeast, insects, and humans (70–74). Leuking and cowork-
ers cloned cDNAs from human fetal brain tissues as C-terminal
Hisx6-tagged fusions (75). In a later report, Braun and colleagues
created a system (FLEXP) that performs from cDNA cloning
to protein production from E. coli in a fully automated fashion
(73). However, because eukaryotic proteins expressed in pro-
karyotic systems are not post-translationally modified, Zhu and
coworkers has developed a high-throughput protein purification
method from the budding yeast (71). For the same reason, Albala
and associates chose 72 unique human cDNA clones to create
an array of recombinant baculoviruses, from which 42% of the
clones produced soluble fusion proteins in a 96-well format (74).
Functional protein chips like traditional assays performed in
microtiter plates (76) are suitable for a wide variety of bio-
chemical analyses. Unlike microtiter plates, however, they are
much more amenable to high-throughput studies and use small
amounts of reagents. Studies analyzing large sets of proteins
have recently been performed. Using a nanowell chip mounted
on glass slides, Zhu and colleagues analyzed the activity of 119
yeast kinases for 17 different substrates (77).

FUTURE PERSPECTIVES AND CHALLENGES

Proteomics complements genomics-based approaches, providing
additional information but presenting different technical chal-
lenges. Because no protein equivalent of PCR for amplification
of low-abundant proteins is present, detection methods with
large dynamic range are needed. The folded structures are im-
portant for the protein properties, but generic methods are diffi-
cult to design and apply. The analysis of PTMs provides another
challenge. Certain technological processes, particularly protein
separation and analysis, are difficult to automate.
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