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■ Abstract Proteomics is a rapidly emerging set of key technologies that are be-
ing used to identify proteins and map their interactions in a cellular context. With
the sequencing of the human genome, the scope of proteomics has shifted from
protein identification and characterization to include protein structure, function and
protein-protein interactions. Technologies used in proteomic research include two-
dimensional gel electrophoresis, mass spectrometry, yeast two-hybrids screens, and
computational prediction programs. While some of these technologies have been in
use for a long time, they are currently being applied to study physiology and cel-
lular processes in high-throughput formats. It is the high-throughput approach that
defines and characterizes modern proteomics. In this review, we discuss the current
status of these experimental and computational technologies relevant to the three ma-
jor aspects of proteomics—characterization of proteomes, identification of proteins,
and determination of protein function. We also briefly discuss the development of
new proteomic technologies that are based on recent advances in analytical and bio-
chemical techniques, engineering, microfabrication, and computational prowess. The
integration of these advances with established technologies is invaluable for the drive
toward a comprehensive understanding of protein structure and function in the cellular
milieu.
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INTRODUCTION

Recent progress in the sequencing of genomes has had significant impact on
biomedical research leading to the development of a new field called functional
genomics, which utilizes global approaches to study gene function and interaction
at the mRNA, protein, and various functional levels (1). Although rapid advances
in our ability to obtain genomic information have been made, less progress has
been seen in our ability to relate this information to the gene products, i.e., proteins.
It is becoming increasingly clear that knowing the genome sequence will not be
sufficient to provide insights into complex cellular, organ, and system level phe-
nomena. Thus, an adjunct enterprise has emerged that encompasses the study of
the structure, function, and interaction of proteins, and this enterprise forms the
realm of “proteomics.”

The term proteome refers to the protein equivalent of the genome. It comprises
the complete set of gene products that are synthesized by the genome, and the anal-
ysis of these gene products has been termed proteomics. The field of proteomics is
quite daunting as the proteome is exceedingly dynamic, extremely complex, and
largely defines cellular behavior and function. A vast array of analytical methods
including two-dimensional gel electrophoresis (2DE) and amino acid sequencing
has been used in the past for the identification and characterization of proteins.
Although these techniques have been extremely useful, they suffer from both
technical limitations and the lack of high-throughput formats that have become
mandatory for protein characterization. Hence, there has been a recent interest
in the adaptation of these traditional proteomic technologies to high-throughput
formats as well as in the development of new technologies for studying protein
function and interactions.

This review provides an overview of technologies that are important in study-
ing three aspects of proteomics—characterization of proteomes, identification of
proteins and their modifications, and determination of protein function. Because
proteomics is primarily a technology-driven area of research, our discussion of pro-
teomics is based on the advances and developments in the enabling technologies
required for studying these three aspects of proteomics. Our approach is focused on
the amenability of the individual technologies to high-throughput formats required
for understanding cellular behavior and function. We restrict our discussion on
well-established technologies such as 2DE to their limitations, whereas for more re-
cently developed technologies such as mass spectrometry (MS), yeast two-hybrids
(Y2H), and computational techniques, we concentrate on both existing limitations
as well as innovative improvements. We also briefly discuss several emerging pro-
teomics methods that are being developed to address these limitations. A list of
the proteomic technologies described in this review is given in Table 1.

SCOPE OF PROTEOMICS

The importance of proteomics in all areas of biomedical research is evident as pro-
teins are the main functional agents inside the cell. Transcript levels as measured
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TABLE 1 Overview of proteomic technologies discussed in this review

Advantages Problems

Proteome profiling
2D electrophoresis Good resolution of proteins Poor protein solubility

Detection of posttranslational Limited dynamic range
modifications of detection

Analysis and quantitation
are difficult

Protein identification
mass spectrometry Determination of molecular High capital costs

weight and amino acid sequence Requires sequence databases
information for analysis

Detection of posttranslational
modifications

High-throughput capability

Protein function
yeast two hybrid Pair-wise interaction of proteins False positives and negatives

Functional assignment to Secondary assays needed for
unknown protein confirming interactions

High-throughput capability
Immunoaffinity Identification of protein High affinity needed between

complexes all proteins in the complex
Functional assignment to Protein loss during
proteins withouta priori purification
knowledge of function

Homology Detailed information on Homologous protein
specificity and function structures needed

Nonhomology Interaction with unknown Complete genome sequences
proteins required

Functional assignment to Limited coverage of genome
unknown proteins Inaccuracy of predictions

Molecular scanner Annotated 2D images obtained Time required for scanning
High-throughput capability
Minimal sample handling and
processing steps

ICAT Sensitive, quantitative method Cysteine residues must be
Unbiased profile of proteome present for labeling

Analysis of spectra is difficult
Protein chips High-throughput capability Not yet fully standardized

Easily scalable
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by microarrays and PCR-based methods do not provide comprehensive informa-
tion on the proteome, as gene expression can be regulated at the transcriptional,
translational, or posttranslational levels. For example, studies in two very differ-
ent systems, namely liver (2) and yeast (3, 4), have been unable to establish an
exclusive direct relationship between the transcriptome and the proteome. This is
because mRNA transcripts can be assembled or spliced together in multiple ways
to yield several protein isoforms (5), and preliminary studies have suggested the
presence of at least three to six protein forms per human mRNA transcript (6). In
addition, transcript profiles do not provide any information on posttranslational
modifications of proteins (such as phosphorylation and glycosylation) that are
crucial for protein transport, localization, and function (7). Lastly, proteins are
constantly changing in response to the intracellular and extracellular environment,
and this dynamic nature of protein expression make them better suited than the
transcriptome for describing complex cell behavior and function.

Blackstock & Weir (8) have proposed that the scope of proteomics encompasses
two distinct areas of research—the expression of proteins and their interactions.
The goal of expression proteomics is to establish quantitative maps of protein ex-
pression under specific conditions (such as environmental stimuli, disease states,
etc.). This approach is especially useful in drug development or toxicological
studies where it is of interest to profile the entire proteome in response to a par-
ticular perturbation and identify biomarker proteins whose expression levels can
be used to diagnose the onset of a disease or to evaluate the efficiency of drug
targets (6). An example of this approach is the work of Anderson et al. (9) in
which proteins involved in cholesterol metabolism affected by the drug lovastatin
were probed. For an expression proteomics approach to be successful, it is manda-
tory to generate a truly representative proteome map that can resolve a complex
mixture of proteins for the quantitation of relevant proteins. In contrast to the open-
ended nature of expression proteomics, interaction proteomics is focused towards
the specific characterization of protein-protein interactions and the formation of
protein complexes (10). Identification of interacting proteins would facilitate the
study of specific processes and pathways in the cell and lead to the development
of “interaction maps” for various cell types and conditions, thereby increasing our
understanding of intracellular networks (8, 10).

PROTEOMIC TECHNOLOGIES

The complete characterization of a proteome is a formidable task and the degree
of success achieved depends on the methods available and their amenability to au-
tomation and high throughput formats (11, 12). Parameters such as the complexity
of the protein mixture, levels of expression and modification, and intracellular
localization all impact the choice of proteomics technology to be used (13). Pro-
teomic technologies (Figure 1) can be broadly classified into those used for protein
mapping and characterization, and those for studying protein-protein interactions
and protein function.
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Figure 1 Generalized proteomics scheme involving proteome profiling, protein identifi-
cation, and characterization of protein-protein interactions.

Technologies for Generating Protein Maps and
Protein Characterization

Proteome maps or fingerprints are obtained using two-dimensional gel electro-
phoresis (2DE) (14), a technology that is synonymous with proteomics and has
been the method of choice for the analysis of proteomes for nearly 25 years.
Protein characterization, including detection and identification of posttranslational
modifications, is achieved in proteomics using mass spectrometry (MS).

TWO-DIMENSIONAL ELECTROPHORESIS FOR PROTEOME PROFILING In 2DE, pro-
teins are separated first by their isoelectric point (pI), followed by their sepa-
ration based on molecular weight (MW) (Figure 2). The combination of these
two orthogonal separation techniques resolves proteins into spots (each spot is a
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Figure 2 Typical two-dimensional electrophoresis (2DE) scheme for generating pro-
tein maps. Proteins are solubilized and separated based on their isolelectric point
(first dimension) and molecular weight (second dimension). Protein profiles are com-
pared using image analysis and protein spots of interest excised for identification and
characterization.
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Figure 3 Silver stained two-dimensional electrophoresis profile of rat liver proteins.
Approximately 40µg of protein was separated first by isoelectric focusing on pH 5–8
strips for 22,000 volt-hours followed by 2nd dimension SDS-PAGE on a 12% gel and silver
staining. The gel was imaged and analyzed using the Melanie II software (Bio-Rad, Hercules,
CA).

protein isoform with specific pI and MW coordinates), and this map of protein
spots can be considered as the “protein fingerprint” of that sample (Figure 3). Two
such fingerprints from a normal and abnormal cellular state can be compared to
identify proteins of relevance to that particular cellular state or phenotype. Typi-
cally, 2DE is used in expression proteomics studies where the focus is on studying
alterations in protein expression profiles due to the appearance of a new protein
spot, or the disappearance of a protein spot, or changes in the intensity of an existing
protein spot. While the resolution of complex protein mixtures obtained with 2DE
is far superior to that with conventional one-dimensional protein electrophoresis,
current 2DE methods have several technical drawbacks that limit their widespread
application. Some of these issues are discussed below.

Protein solubility One of the major limitations of 2DE is the difficulty in obtain-
ing a protein profile that is representative of the entire proteome. Cellular proteins
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have widely varying solubilities, and while the typical urea concentration in 2DE
solubilization buffers is sufficient for the initial solubilization of most proteins, it is
often not enough to solubilize all proteins as well as maintain their solubility dur-
ing isoelectric focusing (15). Membrane proteins are difficult to solubilize and this
results in significant amounts of protein being lost during the sample preparation as
well as isoelectric focusing (16). Hydrophobic proteins that constitute nearly 30%
of certain cellular proteomes (17–19), basic (pI> 8) proteins, and high-molecular-
weight (∼200 kDa) proteins can all precipitate during isoelectric focusing and are
poorly resolved by 2DE. While the use of zwitterionic detergents such as ASB
14 (15) has improved the solubilization of hydrophobic proteins, the presence of
these detergents may also affect the resolution of other classes of proteins (e.g.,
hydrophilic proteins) present in the protein mixture.

Fractionation of proteins based on common biophysical properties is an alter-
nate approach that has been used to increase protein solubility in 2DE. An example
of this approach is the sequential extraction of proteins, where different buffers are
used to generate protein fractions that are enriched for certain proteins (hydropho-
bic, basic, etc.) (20, 21). Solution-phase isoelectric focusing prior to 2DE (22) and
adsorption chromatography (23, 24) has also been used to generate enriched basic
and hydrophobic protein fractions. The establishment of subcellular proteomes is
another approach where proteins are fractionated based on their intracellular lo-
calization so that a single buffer can be used for solubilizing a majority of proteins
in that fraction (25, 26).

Protein capacity Even though 2DE is still considered the workhorse for most
global proteome analysis studies, its applicability is often limited owing to the poor
resolution of complex protein mixtures. Consequently, the proteome profile gen-
erated by 2DE does not always represent the entire proteome. Approximately
5,000–10,000 genes are expressed in a cell at any given time, which could result in
the synthesis of at least 20,000–30,000 distinct proteins because of mRNA splicing
and posttranslational modification (11, 27). However, using current 2DE methods,
it is only possible to detect approximately 3,000 protein spots on an 18× 20 cm2

gel (28). Therefore, only the most abundant proteins (e.g., housekeeping proteins,
metabolic enzymes) are detected on a 2D gel, yielding a distinct bias against lower
abundance proteins (e.g., signaling molecules, transcription factors) (29, 30).

Gygi et al. (29) have demonstrated this bias against low abundance proteins
by measuring the codon bias value (a measure of the tendency to preferentially
utilize the same codon during protein synthesis, which results in the same amino
acid being incorporated in the synthesized polypeptide chain) for the 6,139 known
genes of the yeast genome. Low abundance proteins have a codon bias value of less
than 0.1, and of all the yeast proteins detected on a 2D gel, almost no protein had
a codon bias value of less than 0.1. Because nearly 50% of the yeast genome has a
codon bias value of less than 0.1, it is evident that protein profiling with 2DE cannot
represent the entire proteome. Sample prefractionation is the simplest approach
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that has been adopted for improving the loading capacity of 2DE and generating a
more representative proteome profile. The use of very narrow pH gradients (1 pH
unit over an 18-cm gel) for isoelectric focusing has been adopted as a means to
improve the resolution and detect low abundance proteins (31). This pI-based pre-
fractionation method allows the separation of protein loads as high as 15 mg and
detection of proteins that may have been difficult to achieve otherwise (16, 32).
However, the costs and time associated with large gels make it impractical for
routine 2DE. Conventional analytical separation techniques have also been linked
to 2DE to enhance the resolution of proteins. One such example is the use of
non-denaturing anion exchange column chromatography by Butt et al. (33) to pre-
fractionate anE. colisoluble protein sample prior to 2DE. This approach yielded up
to 13-fold enrichments for individual protein spots and also facilitated subsequent
protein characterization.

Protein detection and quantitation The dynamic range of detection methods
used with 2DE also limits their applicability. In a cell, proteins are expressed
over a broad range and the abundance may cover nearly seven orders of mag-
nitude (34–36). However, even the most sensitive gel staining method available
has a dynamic detection range of only four to five orders of magnitude (36),
which introduces errors in protein detection as well as quantitation. The linear
range of detection has been improved with the development of fluorescent protein
stains. Noncovalent stains such as the SYPRO dye from Molecular Probes (Eugene,
OR) have also considerably improved the sensitivity of staining methods and pro-
vide a broader linear dynamic range of detection than Coomassie brilliant blue and
silver staining (37, 38).

Another drawback of current 2DE technology is the inability to reliably quantify
protein levels from proteome profiles. Protein spot quantitation depends to a large
extent on the detection and resolution of each protein spot using image analysis.
Spot resolution is the first step of most commercially available 2D image analysis
programs like MELANIE (39, 40) and PDQUEST (41), which align the gel images
for determining differences in expression patterns. Accurate spot assignment is also
crucial for protein identification, and often, protein spots are excised from the gel
for subsequent analysis.

The inherent variability in 2DE and limitations in both simple imaging and
quantification systems have led to a recent upsurge in the development of more
sophisticated image analysis systems. While improvements to spot detection al-
gorithms have been made, almost all 2D gel image analysis programs still require
some degree of manual intervention to verify the accuracy of detected spots. This
verification process is extremely tedious, time consuming, and is a major bottle-
neck in the efforts to automate proteomic methods (42). A recently developed 2D
image analysis algorithm Z3 (42) uses unprocessed gel images for image registra-
tion and the subsequent spot detection steps. Essentially, multiple features present
in the gel (such as streaks and spot smears) are used for spot detection to enhance
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the accuracy of matching of spots across gels and quantitation. This enhanced im-
age registration technique has been shown to be useful for identifying very subtle
shifts in protein spot location due to posttranslational modifications (42).

MASS SPECTROMETRY FOR PROTEIN CHARACTERIZATION The desired end-point
of expression proteomics is the characterization of all cellular proteins in terms of
their abundance, modification, localization, and function. Such a comprehensive
database of cellular proteins could serve as a tool for studying the proteomic re-
sponse of cells or tissues in response to a variety of conditions (30), and depends
to a great extent on the methods available for protein identification and characteri-
zation. A relatively new and rapidly evolving development in proteomics research
has been the application of mass spectrometry (MS) (Figure 4), which, in conjunc-
tion with the development of comprehensive protein databases (43) and advances
in computational methods (44), is being used for high-throughput characterization
and identification of proteins. MS can be used to determine the molecular weight
as well as the amino acid composition of proteins (43–46) at low concentrations
(attomole to femtomoles). MS is also easily adaptable to high-throughput formats,
which has made it the method of choice for protein identification (3, 44, 47) and
characterization (46).

Ionization sources for mass spectrometry Matrix-assisted laser desorption-
ionization (MALDI) and electrospray ionization (ESI) are two technologies that
are commonly used for protein ionization. In MALDI (48), the protein samples
to be analyzed are incorporated in an energy-absorbing matrix (44). The matrix
is typically a small molecule such as dihydrobenzoic acid or 4-hydroxycinnamic
acid that is deposited onto a metal substrate along with the sample (46), and ions
are generated when the matrix is struck and excited by a laser. MALDI generates
single charged ion species so that a direct correlation between the mass spectra and
the levels of the corresponding protein in the sample is obtained (45). In ESI mass
spectrometry (49), the protein sample is in solution, and a potential is applied to
create a fine mist of charged droplets that are subsequently dried and introduced
into the mass analyzer (44). In contrast to MALDI, ESI produces highly charged
ions without fragmentation of the ions in the gas phase (46). Proteins, oligonu-
cleotides, sugars, and polar lipids of all molecular weights can be analyzed with
ESI MS (46) as multiple charges can be added to the molecules lowering the
mass-to-charge (m/z) ratio to a range detectable by mass analyzers (45, 46).

Mass analyzers for separation Time-of-flight (TOF) and quadrupole mass ana-
lyzers have been developed for use in mass spectrometers (45, 50), and of these,
TOF analyzers are more common because of their ease of operation. TOFs are
commonly used with a MALDI ion source, whereas quadrupole analyzers are of-
ten combined with an ESI source (51). A TOF analyzer measures the time taken
for the gas-phase ions to travel from the ionization source to the detector (44, 50),
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Figure 4 Typical mass spectrometry scheme for protein identification using peptide mass
mapping and tandem mass spectrometry. Protein spots from a 2D gel are digested and the
peptides analyzed using either a MALDI-TOF or a tandem MS. The peptide mass fingerprint
or amino acid sequence are then compared against databases to identify the protein.
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which is then related to them/zratio. A quadrupole mass analyzer consists of four
parallel metal rods that are arranged lengthwise and can be manipulated to allow
ions of a specificm/z ratio to pass between them for detection (46, 51). Coupling
multiple quadrupoles together has further enhanced the power of this mass filtering
technique so that ions with a range of characteristics can be selected with the first
quadrupole scanning a range ofm/z values and a singlem/z value being selected
with the second quadrupole (45, 46).

The accurate determination of protein molecular weights is mainly achieved
using a MALDI-TOF instrument. Proteins are proteolytically digested to generate
1–2 kDa peptides, and are applied to the mass spectrometer to generate a mass
spectrum or peptide mass fingerprint (PMF) (52). These PMFs are compared with a
database of virtual PMFs generated by the theoretical digestion of known proteins
by specific proteases (53). Matches from at least three to six peptides derived from
the same protein are required to positively identify a protein (53, 54).

The success of mass mapping depends on the ability to generate peptides
by digestions and the availability of sequences for generating theoretical PMFs.
A 50%–90% success rate has been reported for the identification of proteins from
fully sequenced organisms (46). However, not all proteins (e.g., small acidic pro-
teins) yield the required number of peptides from a single protease digestion (44).
Therefore, multiple proteases with unique substrate recognition sequences are
being used to generate enough peptides for accurate mass mapping (45). Mass
mapping also requires the presence of a large fraction of each protein sequence
in databases for generating theoretical PMFs, which is crucial for the detection of
protein isoforms in complex protein samples.

Tandem MS (MS/MS) has been used to obtain the amino acid sequence of pep-
tides and is proving to be more useful in protein identification than mass mapping.
Peptide ions generated from an ESI source are separated based on them/zratio and
further dissociated by collision with an inert gas (46). The resultant tandem spectra
of amino acid composition can be searched against protein, expressed sequence
tags (ESTs), and genome databases to identify the protein (3, 55). The breadth and
coverage of the available databases are extremely crucial as database-searching
strategies can be applied only if the protein sequence exists in the database. Se-
quest, developed at the University of Washington (56), is the most widely used
tool for searching protein databases (57). Sequest is ideal for high-throughput
proteomics as it automatically extracts and searches the MS/MS data against the
database (19, 57). Other programs that are available on the web for the analysis of
tandem spectra include PROWL (58), Protein Prospector (59), and MASCOT (60).
In the absence of sufficient protein sequence information in databases, de novo
sequencing of peptides (51) and hydrogen/deuterium exchange (61) have also been
used for the deduction of complete peptide sequence from MS/MS spectra.

EMERGING TECHNOLOGIES Several new proteomic technologies are being devel-
oped for proteome profiling and protein characterization that utilize advances in
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biochemical techniques, analytical methods, and computational prowess. Exam-
ples include the molecular scanner (62) that has been developed to enable high-
throughput protein characterization after 2DE and the gel-free systems (29) to
quantitatively characterize protein expression without any bias against low abun-
dance proteins.

Molecular scanner Often, 2DE and MS are used in combination to obtain pro-
teome profiles and identify specific proteins of interest. However, this approach
is not amenable to high-throughput formats as protein spots excised from the 2D
gels cannot be easily processed in parallel, and manually annotating and updating
expression databases used for protein identification is extremely tedious. Recently,
Binz et al. (62) have reported the development of a highly automated method that
can be used to generate a fully annotated 2D map. This method still relies on the
use of 2DE as the primary separation tool, wherein the proteins in a 2D gel are
transferred to a membrane by electroblotting without staining. During the transfer
process, the proteins pass through an interface whose surface is coated with immo-
bilized trypsin so that the proteins are proteolytically digested during the transfer.
The resultant tryptic peptides are blotted onto a membrane, which now contains a
set of tryptic peptides at each location corresponding to a protein spot on the gel
(63). The membrane is then sprayed with a MALDI matrix solution, scanned by
mass spectrometry, and the mass spectra are used for protein identification and the
generation of an annotated image. Binz et al. (62) have demonstrated the utility of
the molecular scanner by obtaining a 2D scan map of human plasma.

The molecular scanner is a high-throughput method for identifying all the pro-
tein spots on a gel in parallel. The amount of protein lost due to sample handling
and manipulation is minimized, and there are no issues with linearity of protein
detection as staining of the gel and membrane is completely avoided. Further, the
high-resolution mass fingerprint is capable of resolving protein spots that over-
lap and comigrate on 2D gels. Currently, the method is primarily limited by the
time taken to scan the membrane with the mass spectrometer (nearly 36 hours for a
4× 4 cm2 membrane) (62), but this is sure to be addressed as the mass spectrometry
technology develops further. Nevertheless, the development of a molecular scanner
represents a significant step towards high-throughput resolution and identification
of proteins.

Gel-free proteomics The quantitative measurement of protein expression in cells
and tissues under different conditions is a major goal of proteomics, for which
proteome profiling needs to be truly unbiased and global. As mentioned earlier,
current 2DE methods are biased against low abundance proteins in the cell and
sample prefractionation has been adopted to increase the coverage of proteins in
a 2D profile; however, this renders protein quantitation nearly impossible (29).
Therefore, there is a real need for techniques that allow the quantitative measure-
ment of proteins in a proteome.
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Recently, Gygi et al. (64) have developed isotope-coded affinity tags (ICAT) for
accurate quantitation of protein expression. ICAT reagents with a light or heavy
isotope (differing by eight mass units) are used for differential labeling of the two
protein samples by alkylation of cysteine residues and analysis by microcapillary
LC-ESI-MS/MS. Changes in expression are determined from the difference in
the intensities of the two peaks produced by the light and heavy isotopes. This
method is not biased towards a particular protein type and can be used for global
quantification of all cellular proteins. ICAT labeling is dependent on the presence
of cysteine residues in all the proteins, and the ICAT label can lead to complica-
tions with the mass spectra analysis and database searching (29). In spite of these
drawbacks, the gel-free separation technique offers improvement in protein identi-
fication and quantification, and has been demonstrated in the comparison of protein
profiles between yeast grown on either ethanol or galactose as the carbon source
(64).

Technologies for Studying Protein-Protein Interactions
and Protein Function

Protein function can be described based on its role either in the behavior of the
organism (phenotypic function) or a cell type (cellular function) and in terms of
the interactions with other molecules (molecular function) (65). The assignment
of functional annotations to proteins is no trivial task. Sali (66) estimates between
5 and 50 functional interaction links per protein in yeast, which adds up to between
30,000 and 300,000 total links for the entire yeast proteome. For complex eukary-
otic systems, this number is expected to be even larger, thus driving the develop-
ment of experimental and computational approaches to study protein interactions.

EXPERIMENTAL METHODS Experimental approaches to derive functional linkages
between proteins have been based on advances in molecular biology, biochemistry,
and analytical chemistry (67). Pair-wise protein interactions are often studied using
the yeast two-hybrid system (68–70), whereas protein complexes are typically
identified with immunoaffinity methods (3, 11).

Yeast two-hybrid systems The yeast two-hybrid (Y2H) screen has been used to
identify pairs of interacting proteins (11) and is based on the modular nature of
transcription factors and the transcriptional activation of reporter genes (3, 69, 70).
Each gene sequence encoding for one element of a protein pair to be tested is
fused to either the transcription factor binding or activation domain and expressed
as fusion proteins in yeast (3, 70) (Figure 5). If the two proteins interact, the fused
transcription factor binding and activating domains will also interact, initiating
transcription of a reporter gene such asβ-galactosidase (Figure 5). The clones
yielding a positive interaction are then isolated, sequenced, and searched against
genome databases to identify the interacting protein pair (70).
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Figure 5 Yeast two-hybrid (Y2H) scheme for identifying protein-protein interactions. Pu-
tative interaction partners are expressed as fusions to either the DNA-binding domain or its
activation domain in yeast. If the two proteins interact, the fusion proteins are brought into
proximity and results in transcription of the reporter gene.

Y2H screens can be used to detect novel interactions between proteins of known
and unknown function and identify protein-protein interactions to define a cellular
phenotype (1). A classic example of Y2H is the study by Ito et al. (71) who
identified 183 independent two-hybrid interactions among the yeast open reading
frames (ORFs), of which nearly 50% were previously unknown. Y2H screens have
also been applied to numerous other systems (72, 73) in either a labor-intensive
matrix format or high-throughput array format (72, 73).

The tremendous potential of Y2H in identifying interaction partners is tem-
pered by a few limitations. A major problem associated with Y2H screens is
the generation of false positives and negatives. A positive identification by the
Y2H screen merely suggests the existence of an interaction without providing
any insight into its biological relevance. Quite often, potential protein interactions
identified by two-hybrid screens may not be physiologically meaningful and may
represent interactions that are not real, i.e., false positives. Similarly, if the exper-
iment is performed under conditions of high stringency, weak interactions could
be excluded, resulting in false negatives (74). Therefore, any putative interaction
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identified by Y2H needs to be verified by rigorous experimentation, which limits
the applicability of Y2H to high-throughput proteomics.

Immunoaffinity methods The interaction of several proteins in a multi-protein
complex has been studied using immunoaffinity methods (11). Several methods
have been used for isolating protein complexes, of which the most common is the
use of GlutathioneS-transferase (GST) fusions (3) where the protein of interest
whose interaction partners need to be determined is expressed as a fusion protein
with a cleavable GST tag and immobilized to a solid support. The immobilized
protein is incubated with a cell extract containing all the target proteins so that
multi-protein complexes can be formed. This protein complex can then be cleaved
off from the GST tag, purified, and the bound proteins identified by 2DE and MS
(3). Using this approach, the human spliceosome multi-protein complex has been
assembled using biotinylated RNA as the bait and resolved on a 2D gel to identify
19 new factors (75). Other protein complexes that have been purified and identified
using this approach include the GroEL chaperonin system and proteins found in
the yeast nuclear-pore complex (76).

Because no a priori knowledge of the interacting proteins is assumed, this
approach can be used to identify new interactions between known proteins in a
cellular pathway or novel interacting proteins. The purification of protein com-
plexes not only helps to identify its protein constituents, but also provides insights
on the relationship between apparently unrelated pathways in the cell (3). A crucial
requirement for the identification of protein complexes is high affinity between the
bait protein and the other complex proteins to ensure that protein elements of the
complex are not lost during purification (11).

COMPUTATIONAL METHODS The problems associated with experimental meth-
ods such as Y2H have resulted in the development of computational approaches
to predict protein-protein interactions. These computational methods primarily
seek to utilize information embedded in patterns of gene and protein expression
amongst multiple genomes to derive functional links between different proteins
(77). Current approaches to predict protein-protein interactions are either based
on homology between proteins (78, 79) or on evolutionary information about the
proteins (77, 80, 81).

Homology methods Sequence homology is the standard method to establish
links for a protein of unknown function with a proteins of known function. This
approach is based on the hypothesis that homologous proteins that have evolved
from a common ancestor protein and have similar sequence and structure would
also have similar function (81–83). Several homology-based schemes used to pre-
dict the potential interaction partners of a protein have been based on protein
surface properties, solvent accessibility (65, 84), and amino acid sequence (82).
Bock & Gough (85) outlined a variation to this theme by developing a Support
Vector Machine (SVM) learning system to predict protein interactions among
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eukaryotic proteins. Protein data from a database of interacting proteins have been
used to train the program to predict protein interactions based solely on protein
primary structure and physiochemical properties. This method has been able to
predict four out of five potential protein interactions correctly and is a promis-
ing development towards the rapid determination of protein interactions following
their identification (85). The number of fully characterized homologous protein
structures available for comparisons limit the prediction of protein interactions
based on homology (66). Further, these predictions are based on protein structures
in ideal solutions and are independent of the cellular context in which the proteins
function (81).

Non-homology methods Alternate methods for predicting protein interactions
use functional similarity instead of sequence similarity for the prediction of pro-
tein interactions. Non-homology methods can be used to assign function to un-
characterized proteins and also establish networks of protein interactions. Proteins
that belong to the same pathway or cellular process interact with each other and
are classified as functionally linked. The functions of uncharacterized proteins are
typically inferred from the functionally characterized proteins with which they
share functional links (77, 81). Phylogenetic profiling, domain fusions, and gene
ordering are three methods that have been used for determining protein interaction
maps and functional linkages (81).

Phylogenetic profiling for functional linkage of two proteins is based on their
expression being conserved over a set of genomes under similar conditions. If this
condition is satisfied, the two proteins are said to share a similar phylogenetic pro-
file and are assigned a functional link (86) as the expression pattern of two proteins
will not be identical in two genomes under the same conditions unless they are
functionally related (77, 81). This property has been used to develop a compre-
hensive interaction of all protein-protein interactions in fully sequenced genomes.
Pellegrini et al. (86) have computed phylogenetic profiles for all 4,290E. colipro-
teins by comparing them with 16 fully sequenced genomes. This is an extremely
powerful method for predicting protein interactions as up to 2n phylogenetic pro-
files can be derived fromn fully sequenced genomes. Therefore, with the number of
fully sequenced genomes expected to increase rapidly, the utility of phylogenetic
profiling in predicting protein interactions can also be expected to increase.

The domain fusion method identifies functionally related proteins by analyzing
domain fusion patterns (87). Proteins such as GyrA and GyrB that are expressed
as non-homologous proteins inE. coli are expressed in yeast as a single fused
topoisomerase II protein, implying that GyrA and GyrB are linked in their function
in yeast. The fused protein that reveals the functional link is called the Rosetta stone
protein (77, 81, 87). Marcotte et al. (87) have searched 4,290E. coli proteins pair-
wise for similarity to a single protein in another genome to discover 6,809 protein
pairs that were linked by domain fusions, many of which did not have any sequence
homology. Therefore, the Rosetta stone method can predict protein pairs that have
similar function and interactions and not predicted by homology searches.



19 Jun 2002 9:19 AR AR164-15.tex AR164-15.sgm LaTeX2e(2002/01/18)P1: IBC

366 YARMUSH ¥ JAYARAMAN

The ordering of related genes in genomes has also been used for identifying
interacting proteins (88). This approach is especially useful in analyzing protein
interactions in prokaryotes where proteins are more often clustered in operons.
If two genes are located next to each other in several genomes, a functional link-
age may be inferred between them. The gene neighbor method has been used to
identify functional links between enzymes in the arginine biosynthetic pathway in
Mycobacterium(81).

While computational prediction methods for protein interactions are rapidly
evolving, they often need to be corroborated by another comparable method (66).
The accuracy of non-homology-based predictions and the range of interactions
they cover vary, which are the major sources of error from these approaches.
Marcotte et al. (87) have estimated that up to 30% of the pair-wise predictions in
yeast that were obtained by phylogentic profiles and used for assigning functions
to 2,557 uncharacterized proteins were erroneous (89). On the other hand, Enright
et al. (80) were able to obtain only 215 functional links toE. coliproteins using the
Rosetta stone domain fusion method, but with fewer errors. Despite the limitations
in the accuracy of pair-wise prediction of interactions, computational methods for
protein classification are extremely useful in functional genomics as a preliminary
means to minimize the number of interactions to be studied. Moreover, as the
number of genomes whose sequences are fully available increases, the number of
predictions of protein function as well as the coverage and accuracy of protein
function predictions will also increase.

EMERGING TECHNOLOGIES The bottlenecks in current approaches to study protein-
protein interactions have led to the development of protein microarrays or protein
chips (90) for the high-throughput characterization of protein interactions as well
as other adjunct technologies for proteomics that utilize advances in microfabri-
cation and microfluidics.

Protein chips Chip-based systems for large-scale analysis of proteins have lagged
behind that of mRNA because of the lack of a standard method (such as the PCR
for DNA) to amplify and generate large amounts of protein. In addition, for pro-
teins to maintain their activity upon arraying, their three-dimensional structure has
to be maintained. The diversity observed in protein structures also means that,
unlike DNA, a single binding strategy for attaching proteins to surfaces will not
work for all classes of proteins (91). Advances in microfabrication (92) and sur-
face chemistry methods (93) have all enabled the development of several protein
chip formats, including the commercially available ProteinChip® technology (94),
microfluidic protein arrays (90), antibody arrays (95), and tissue arrays (96).

In the ProteinChip® process, proteins are exposed to chips with different surface
chemistries in parallel so that sets of proteins with common properties (hydrophilic,
hydrophobic, electrostatic interactions, etc.) will adsorb to a particular type of
surface. After washing to remove unbound proteins, proteins of interest can be
enriched on the chip surface by selective washing, and protease digestion (91).
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ProteinChips® require very small sample volumes and can be used directly with
biological fluids to provide information on protein structure, properties, and post-
translational modifications (91, 94). Currently, ProteinChips® are being used for
a wide variety of applications including the quantitative assessment of prostate-
specific membrane antigen levels (97) and the identification of collagen binding
protein inLactobacillusspecies (98). Surface plasmon resonance-biomolecular
interaction analysis (SPR-BIA) is another chip-based method that has been used
for kinetic and thermodynamic studies of protein interactions. SPR-BIA has also
been combined with MALDI-TOF to develop an integrated device for the non-
destructive study of protein structure and function (93).

Adjunct technologies Microfabrication and microfluidics principles are also be-
ing increasingly applied in proteomics for the development of cost-effective, high-
throughput strategies (99). Proof-of-concept applications of microfabricated and
microfluidic devices for the microdialysis of small volumes of proteins (100),
microfluidics-based isoelectric focusing systems (101), and mass spectrometry
ionization sources (102) have all been recently reported. Li et al. (90) have also
reported the development of a microfabricated capillary electrophoresis/nano-
electrospray mass spectrometer that includes capillary electrophoresis channels
and an interface to a nanoelectrospray ionization tip. This microfabricated de-
vice is connected with an autosampler so that up to 25 samples of tryptic di-
gests can be processed each hour. It should be noted that these concepts have
been individually applied to all aspects of proteomics research including sam-
ple separation, protein purification, enzymatic digestion, and mass spectrometry.
A fully integrated microfabricated proteomics system has not been developed thus
far; however, the potential of these approaches for delivering improvements in
proteomics work is clearly evident.

SUMMARY AND FUTURE DIRECTIONS

A comprehensive proteomics approach is required for developing an understanding
of complex cellular processes and networks. It is evident that a single proteomics
technology (2DE, MS, Y2H, or ProteinChip® ) is not capable of addressing all the
different facets of the field. The central role 2DE has occupied in proteomics has
somewhat diminished over the past few years; however, improvements are being
made to expand its utility in expression proteomics. Mass spectrometry is rapidly
evolving and is being used for a variety of protein characterization, identification,
and structural studies. New experimental approaches for determining protein in-
teractions as well as computational methods for predicting protein function are
also leading to the development of cell interaction maps necessary to understand
cellular processes. Advances also need to be considered in the framework of an in-
tegrated strategy where several of these technologies can be interfaced for a single
scheme. A good example of this is the development of fluorescent dye stains for
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2DE where one of the additional benefits is the compatibility of stained proteins
with MS protocols so that sample handling and processing is minimized.

A big thrust in proteomics will be the adaptation of current methods to high-
throughput formats and large-scale analysis. Microfabrication and microfluidic
technologies are spurring the miniaturization of some proteomics modules with an
eye towards this goal. The integration of these modules into a single device will also
be a major area of focus in the future. However, proteomics alone cannot provide
all the information required for understanding cellular processes. Complementary
approaches in genomics and bioinformatics will have to be used together with
proteomics so that the maximum benefit can be realized.
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