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The goal of interaction proteomics that studies the protein-
protein interactions of all expressed proteins is to
understand biological processes that are strictly regulated
by these interactions. The availability of entire genome
sequences of many organisms and high-throughput
analysis tools has led scientists to study the entire proteome
(Pandey and Mann, 2000). There are various high-
throughput methods for detecting protein interactions
such as yeast two-hybrid approach and mass spectrometry
to produce vast amounts of data that can be utilized to
decipher protein functions in complicated biological
networks. In this review, we discuss recent developments in
analytical methods for large-scale protein interactions and
the future direction of interaction proteomics.
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Introduction

The identification and characterization of biomolecules have
been a major goal in biology. Since Watson and Crick first
published the double helical structure of DNA in 1953, DNA
and its products, proteins, have been extensively studied.
Recent genome sequencing projects revealed sequences of
over 90 genomes and annotated many previously unknown
genes. Now scientists predict open-reading frames (ORFs),
which encode proteins, in genomic data and test the existence
of functional genes using biochemical and biological
methods. It is now clear that proteomics, the large-scale study
of proteins, is the next step to address biological problems
since proteins are the actual products that execute the genetic
program. Moreover, proteins play more dynamic roles than
DNA: expressions and modifications of proteins are highly

variable during development and under different conditions,
and proteins form dynamic interaction networks in which they
interact and regulate each other systematically. Proteomics has
been made possible with the development of analytical tools
as well as availability of genome sequence data. The
expression of several thousands of proteins can be detected on
a single two-dimensional gel with reproducibility and
standardization (Corbett et al., 1994; Quadroni and James,
1999). Protein spots are digested with sequence-specific
proteases and identified by mass spectrometry. Tandem mass
spectrometry has been developed to give peptide sequence
data. These high-throughput analysis tools are now commonly
used in many laboratories.

Interaction proteomics has gained more attention since
most biological functions are regulated by protein interactions.
The analysis of proteins with known functions suggest that
many proteins that are involved in the same cellular functions
interact each other (von Mering et al., 2002). A single protein
can interact with diverse partners under different conditions,
which results in different biological outcomes, depending on
what protein partner interacts with the protein. This is
extremely important for many diseases. Therefore, protein-
protein interaction mapping would be of great value for
understanding the molecular mechanisms of cellular functions
as well as diseases. This review compares different methods
that are used for the identification of interacting proteins in the
field of high-throughput protein-protein interaction mapping
and discusses future directions.

Yeast Two-hybrid System

Since its first introduction more than a decade ago (Fields and
Song, 1989), the yeast two-hybrid system has been a powerful
tool in studying protein-protein interactions. It is a genetic
method that takes advantage of the modular domain structure
of eukaryotic transcription factors. In general, eukaryotic
transcription factors have two distinct functional domains - the
DNA binding domain (DBD) that binds to specific DNA
sequences and the activation domain (AD) that activates
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transcription. These two domains can be separated and
exchanged from one transcription factor to another without
disrupting their functions. The yeast two-hybrid system
consists of three basic components: (1) a bait vector for
expression of a known protein fused to the DBD such as
GAL4 or LexA; (2) a prey vector that directs the expression of
cDNA encoded proteins fused to the AD such as VP16 or
B42; and (3) reporter vectors that contain reporter genes
downstream of the DBD binding sequences. Reporter genes
that are used in this system are lacZ for color selection, and
auxotrophic LEU2, HIS3, and ADE2 genes for growth
selection. Two or more reporter genes are simultaneously used
to reduce false positives that bind nonspecifically to the bait
protein. Transcriptional activation of a reporter gene occurs
when the bait protein and a prey protein interact in the nucleus
of the yeast cell (Fig. 1). This yeast two-hybrid system has
been used extensively to screen the cDNA library for
identification of proteins that interact with a known protein.
This system has many advantages over other protein
interaction screening approaches: (1) it is highly useful to
analyze the unknown interacting protein since it can be easily
identified by DNA sequencing of the cDNA insert; (2)
interaction screening assay is performed in vivo in yeast cells;
(3) protein interactions between low abundant proteins can be
easily detected; and (4) weak protein interactions with
dissociation constants well above ~70 µM can be detected
(Yang et al., 1995).

As a huge amount of genome sequence information is
available now, researchers are using the yeast two-hybrid
systems for large-scale protein-protein interaction screening.
Large-scale yeast two-hybrid approaches have been used in

two ways - the array method and the library screening
method. Both methods take advantage of the fact that haploid
yeast cells of the opposite mating type (MATa and MATα)
will fuse to form diploids when mixed together. In the array
method, a haploid yeast strain expressing the bait protein of
interest is mated individually with an array of the opposite
mating type yeast cells bearing many different prey proteins.
The interactions are screened by growth in a selective medium
in 96-well plates (Fig. 2A). Unlike the array method, the
library screening method does not use the individual prey
strains on an array. Instead, several prey strains are pooled to
generate a library and mated with a set of bait strains for
screening (Fig. 2B). Positive colonies on the selective medium
are selected, and then the prey vectors are recovered and
sequenced to determine the coding sequence of each cDNA
insert.

These methods have been used to analyze protein
interactions from several organisms including Saccharomyces
cerevisiae (Uetz et al., 2000; Ito et al., 2001), Caenorhabditis
elegans (Walhout et al., 2000; Boulton et al., 2002),
Helicobacter pylori (Rain et al., 2001), and vaccinia virus
(McCraith et al., 2000). Uetz et al. (2000) used the array
method to screen 192 yeast bait proteins against nearly all of
the 6,000 predicted yeast protein, and identified 281 discrete
interacting protein pairs from 87 bait proteins that are involved
in the protein-protein interaction. They also screened 5,341
yeast bait proteins (87% of total yeast ORFs) against the yeast
prey library and identified 692 discrete interacting protein
pairs from 817 bait proteins that are involved in protein-
protein interactions. These two large-scale studies revealed
that the vast majority of their data are new potential

Fig. 1. The yeast two-hybrid system. The bait protein (X) that was fused to DNA binding domain (DBD) and the prey protein (Y) that
was fused to the activation domain (AD) are co-expressed in the nucleus of the yeast cell that has reporter genes. (A) When the bait
protein interacted with the prey protein, DBD and AD were linked to each other and activated the expression of reporter genes, which
resulted in color development or growth selection depending on the reporter genes that were used in the experiments. (B) If the bait
and prey fusion proteins fail to interact with each other, then the transcription of the reporter genes will be inactive, and the yeast will
fail to grow in selective medium or show color development.
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interactions for proteins.
Large-scale two-hybrid approaches described here have

been successfully applied to a variety of organisms to discover
protein-protein interactions. As a genetic system, the yeast
two-hybrid system is well suited to automated high-
throughput screening on a genome-wide scale. Presently, this
system has been only applied to organisms with relatively a
small number of total genes. With completion of genome
sequencing of higher organisms, such as humans, this system
may become more valuable for mapping genome-wide
protein-protein interactions. However, there are some
disadvantages in this system (Table 1). Since this system is
based on transcriptional activation and forces the expressed
bait and prey proteins to localize in the nucleus, there are a
large number of false-positives and false-negatives. Fifty
percent of the interactions identified using this system are
estimated to be false positives (Ito et al., 2001; Mrowka et al.,
2001). Lists of some false-positives can be found on several
websites (http://www.fccc.edu/research/labs/golemis/Interaction
TrapInWork.html and http://depts.washington.edu/sfields/yplm
/data/baitsnonrepro.html). Elimination of false-positives
requires some filtering analysis, based on the information
whether two interacting partners have the same protein
localization, interaction network, functional network, and co-
expression patterns (Deane et al., 2002; Jansen et al., 2002).
Another problem is that protein interactions may not be
detected when specific protein modifications are required for

interaction. Therefore, protein interactions that are identified
from yeast two-hybrid screening need to be confirmed by
other methods.

Recent versions of yeast two-hybrid systems could be used
for other applications. The reverse two-hybrid system and the
split two-hybrid system are useful to study peptides and other
molecules that disrupt protein-protein interactions between
two known interactors (Shih et al., 1996; Vidal et al., 1996a,
1996b). The split-ubiquitin system is specially developed for
detecting interactions between membrane proteins that are
unsuitable for the conventional yeast two-hybrid system
(Stagljar et al., 1998). Although the yeast two-hybrid system
has been developed to analyze the interaction of proteins with
diverse binding partners, such as nucleic acids, small
molecules, and bridging proteins between bait and prey
proteins (Fashena et al., 2000), these new approaches still
need to be confirmed for high-throughput application.

Affinity Purification of Protein Complexes

The yeast two-hybrid system is useful only for identifying
direct protein-protein interactions between unmodified
proteins and often detects false-positives. An alternative way
to study protein-protein interactions is to purify the
multiprotein complex by affinity purification (Fig. 3). The
purified protein complex is resolved on either one- or two-

Fig. 2. Large-scale yeast two-hybrid strategies. (A) The array method. A haploid yeast strain expressing the bait protein of interest (bait
cell) was mated individually with the arrayed opposite mating type yeast cells bearing many different prey proteins (prey cells). The
interactions were screened by growth in the selective medium in the well of 96-well plates. The prey gene was identified by its position
on the array. (B) In the library screening method, several prey strains were pooled to generate a library (prey pool) and mated with a
set of bait strains for screening. Positive colonies on the selective medium were selected and then the prey vectors were recovered and
sequenced to determine the coding sequence of each cDNA insert.
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dimensional gels and individual bands are digested by
protease such as trypsin followed by matrix-assisted laser
desorption/ionization-time-of-flight mass spectrometry
(MALDI-TOF MS) or tandem MALDI-MS/MS analysis.
Data from peptide mass fingerprinting by MALDI-TOF MS
and/or peptide sequencing by tandem MS are analyzed by a
web-based database search to identify the protein.

The ideal way to study the multiprotein complex is using
the endogenous protein subunit as bait if an antibody or other
material is available. However, there are currently no
comprehensive antibody collections that are available for
immunoprecipitation. Presently, the best option for isolating
protein complexes on a genome-wide scale is using ectopic
affinity tags that are fused to proteins of interest followed by
immunoprecipitation with an antibody specific for the tag.
Since purification of multiprotein complex is solely dependent
on the tag used, it is very important to choose the best tag.
One tag could be used for single-step affinity purification with
the advantage of simplicity and high yield. For example, the
FLAG tag, a commercially available epitope tag, has been
successfully used to identify 3,617 interactions with 493 baits
in Saccharomyces cerevisiae (Ho et al., 2002). Using two or
more tags for multi-step purification may reduce the
background since nonspecifically bound protein contaminants
could be removed during subsequent multiple affinity
purification steps (Rigaut et al., 1999; Honey et al., 2001). But
this approach may risk the loss of some specific weak
interactors due to sample dilution during multiple affinity
purification steps. Gavin et al. (Gavin et al., 2002) used two
different tags (calmodulin binding peptide and IgG- binding
domain of protein A) and purified 589 yeast protein
assemblies by two-step affinity purifications. There were
20,964 proteins bands that were excised from gels for MS
analysis and 16,830 proteins were identified. They defined
232 distinct multiprotein complexes and proposed new
biological roles of 344 proteins, 231 of which were previously
unknown in function. Protein interaction data obtained from
both studies were compared with a reference set of trusted

interactions, revealing that both approaches achieved higher
coverage than the yeast two-hybrid approach (von Mering et
al., 2002). However, they found that there are large differences
between the affinity purification approaches and these
methods are still far from completion.

The tagged protein can be expressed in two ways: (1) the
tagged gene-specific cassette is inserted downstream of the
native promoter by replacing the endogenous gene by means
of homologous recombination and, therefore, the tagged
protein is expressed at close to physiological levels (Gavin et
al., 2002); or (2) transient or stable transfection is used to
express the tagged protein when homologous recombination
is difficult to achieve. The transfection approach will result in
co-expression of the tagged protein and the native endogenous
protein. Therefore, the endogenous interacting partners will
bind to both proteins, resulting in a low yield of interaction
between the tagged protein and the interacting partners. This
problem can be alleviated by overexpression of the tagged bait
protein, but more false-positives that interact with the bait
protein nonspecifically will be detected. In yeast, both
expression approaches have been successfully performed to
purify protein complexes (Gavin et al., 2002; Ho et al., 2002).

These proteomics approaches are highly dependent on the
sensitivity and accuracy of the MS instruments. The protein
complex is purified and each protein band is extracted from
the gel. The protein is degraded into peptides by trypsin
digestion for a MALDI-TOF MS analysis that has the
sensitivity of detecting things as little as femtomolar peptides.
Peptide samples are mixed with chemical matrix and ionized
by laser pulses without destroying the peptides. Each mass-to-
charge ratio (m/z) of the ionized sample is measured by a
detector. Collected m/z values of each sample can be analyzed
by a method called ‘peptide mass fingerprinting’ (Henzel et
al., 1993) to identify the corresponding protein in the
databases that are available on several websites. In our
laboratory, we analyzed our peptide mss fingerprinting data by
several annotation tools. These included MS-Fit (available on
http://prospector.ucsf.edu/ucsfhtml4.0/msfit.htm), ProFound

Table 1. Comparison of high-throughput protein interaction analysis methods

Method Advantages Disadvantages

Yeast Two Hybrid Easy to obtain target genes (using cDNA library)
Easy to identify genes (DNA sequencing)
Highly sensitive to detect low abundant proteins
Can detect weak and transient interactions
Less expensive

Detects mostly direct protein interactions
False-positives and false-negatives are often detected 

due to forced nuclear localization
Difficult to detect interactions caused by protein 

modification

Affinity Purification Useful for study of multicomplexes
Detects interactions in the normal cellular 

compartments
Dynamics of protein interactions can be studied 

Difficult to detect low abundant proteins
Additional purification steps may result in loss of 

some weak interactions
Requires expensive facilities for protein identification

Protein chip Chips can be used for a wide variety of interaction 
studies such as protein-protein, protein-lipid, 
protein-nucleic acid, or protein-drug interactions

Proteins should be purified to be immobilized onto 
chip surface

Not all proteins can be purified easily and efficiently
Interactions are detected in vitro
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(http://prowl.rockefeller.edu/cgi-bin/ProFound), and PeptIdent
(http://us.expasy.org/tools/peptident.html). However, in many
of the database searches with peptide fingerprinting data, the
protein identification was obscure due to the low coverage of
peptide matches. Therefore, for the peptide samples that gave
unclear peptide fingerprinting database search results, peptide
sequencing using a high-performance MALDI-TOF/TOF
tandem MS (Medzihradszky et al., 2000) or other tandem MS
should be an additional step for protein identification.

Compared with the conventional yeast two-hybrid systems,
the affinity purification approaches have the advantage of
detecting the endogenous interactors under conditions that are
similar to the native cellular environment. There the
exogenous tagged bait protein is fully processed, accurately
modified, and localized in the correct cellular compartment.
However, these affinity purification approaches have a
disadvantage since the interactions may not be detected due to
the low affinity, low expression level of the interactors, and
detection limits of the MS instruments (Table 1).

Protein Chips

The protein chip method is another emerging approach to
screen genome-wide protein-protein interactions in parallel
with small amounts of protein and uniform experimental
conditions. Purified full-length proteins or protein domains are
printed onto glass slides at extremely high spatial densities
and screened with the biomolecules of interest. Currently,
there are three ways to print proteins onto glass slides: (1)
proteins to be printed onto glass slides are overexpressed and
purified as fusions to polyhistidine affinity tag and
immobilized on nickel-coated slides, where nickel captures
the polyhistidine tagged proteins through an electrostatic
interaction (Zhu et al., 2001); (2) purified proteins are spotted
onto aldehyde-treated slides, where aldehyde reacts with
primary amines on the proteins to form a covalent Schiffs base
linkage (MacBeath and Schreiber, 2000; Newman and
Keating, 2003); or (3) small proteins or peptides are printed
onto bovine serum albumin (BSA)-NHS (N-
hydroxysuccinimide) slides, where the attached BSA is first
activated with N,N’-disuccinimidyl carbonate, and then the
activated BSA reacts and forms a covalent bond with the
printed proteins (MacBeath and Schreiber, 2000). Zhu et al.
(2001) purified 5,800 yeast proteins that were fused to
glutathione-S-transferase and polyhistidine tags in yeast and
printed onto nickel-coated glass slides (Zhu et al., 2001). They
screened for calmodulin binding proteins using biotinylated
calmodulin as a probe and identified 33 new interactors in
addition to known interactors. They also demonstrated its
applications in other research approaches, such as the
screening of protein-drug and protein-lipid interactions using
biotinylated lipid as bait. In addition, the recent development
of highly sensitive fluorescence-labeling technology makes
the protein chip more useful to study protein interactions
(MacBeath and Schreiber, 2000; Newman and Keating, 2003).

The major advantage of the protein chip is that its
applicability is not just restricted to protein-protein
interactions (Table 1). In contrast to the yeast two-hybrid
system and affinity purification approach that are generally
used for protein-protein interaction screening, protein chips
can be used in many biochemical and biomedical
experiments, such as measuring biochemical activities and
profiling interactions in clinical study. Although currently this
new approach has some drawbacks (interaction occurs in
vitro; proteins or peptides must be purified for spotting; some
proteins are not purified easily and efficiently; and printed
proteins may not be folded correctly), it still holds much
promise.

Bioinformatics to Predict Protein-protein 
Interactions

Accumulated and annotated data of protein interactions are
available on several websites, including BIND (Bader et al.,

Fig. 3. Strategy for affinity purification of protein complexes.
The bait protein that was fused with two different affinity tags
(A and B) was expressed in cells and associated with
endogenous proteins. The protein complexes were purified
sequentially by means of affinity chromatography and resolved
on SDS-PAGE. Separated proteins were excised from the gel,
digested with sequence-specific protease such as trypsin, and
analyzed by mass spectrometry. The resulting peptide mass
finger printing or peptide sequence data was automatically
subjected to a database search to identify the specific proteins.
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2003) (http://bind.ca) and DIP (http://dip.doe-mbi.ucla.edu)
(Xenarios et al., 2000). However, although there have been
extensive large-scale works to complete protein interaction
mapping, no method covers more than 60% of the total
genome, as shown in yeast. Protein interaction methods
described here are still hampered by several shortcomings
(Table 1). Therefore, collecting and analyzing all the outputs
from many independent methods to cover the complete
genome is required. For example, the protein interaction data
need to be compared with the correlated mRNA expression
profile to increase the coverage since proteins with correlated
expression patterns under several environmental conditions
are highly linked in function and thus interaction (Marcotte et
al., 1999b). Another indirect approach is the synthetic genetic
array (SGA) analysis, in which the mutations of two non-
lethal genes at the same time cause lethality. This suggests that
these proteins are functionally linked and may react to each
other (Tong et al., 2001). However, the most powerful
approach to increase coverage is in silico predictions through
genome analysis. Since evolution has been developed to
produce families of homologous proteins from a common
ancestor, most homologous proteins have similar sequences,
structure, and functions. Therefore, the sequence similarity
analysis has been widely used to characterize unknown
proteins or identify functional domains or amino acids. With
the completion of over 90 genome-sequencing projects, DNA
sequences from one organism could be compared with those
from other organisms in a genome-wide scale. For example,
protein comparison tools are accessible through Worldwide
Websites at http://genome-www.stanford.edu/Saccharomyces
for the yeast Saccharomyces cerevisiae (Chervitz et al., 1999)
and http://www.ncbi.nlm.nih.gov/BLAST for genes of many
organisms that are deposited in GenBank. However, this
sequence homology search is applicable only when the
matched protein is known in function and the sequence
homology is significant. Several new methods, which are
based on functional linkages, have been developed to
complement the existing computational method (Enright et
al., 1999; Marcotte et al., 1999b) for analysis of the genomes
of bacteria and yeast. These new genome-wide in silico
methods can be classified into three categories: (1) analysis of
co-presence or co-absence of genes within entire genomes is
used as an indicator of interactions between those gene
products (phylogenetic profiles) (Huynen and Bork, 1998;
Pellegrini et al., 1999); (2) two separate proteins in one
organism is often found as a fusion into a single protein in
another organism, indicating physical interactions (domain-
fusion analysis) (Enright et al., 1999; Marcotte et al., 1999a);
and (3) in bacteria, genes encoding functionally-related
proteins tend to be localized in the same operon (gene
neighborhood analysis) (Dandekar et al., 1998; Huynen et al.,
2000). Although these in silico approaches may have
ambiguity in annotating some interactions due to their lack of
orthology and their applicability has to be proved in higher
organisms, still they are fast and inexpensive and will be more

useful as genome projects continue to uncover more genome
sequences.

Application of Protein Interactions to System 
Network

Large-scale protein interaction data are integrated into the
interaction network to elucidate biological processes. Protein
interaction, however, is dynamic since interacting proteins
form either permanent or transient complexes. In contrast to a
permanent interaction that is stable and thus only exists in its
complexed form, a transient protein complex associates and
dissociates in vivo under different conditions in order to
execute cellular regulation. The transient interaction is caused
by protein modification, conformational change, and binding
of the regulators to the complex. Therefore, an evaluation of
the physical interactions between proteins in living cells at any
given state will help draw a map of the dynamic interactions.
Currently, the available tool for studying the dynamic
interaction in living cells is the use of fluorescence resonance
energy transfer (FRET) between fluorescent tags on
interacting proteins (Miyawaki, 2003; Sekar and Periasamy,
2003).

Along with the integration of all available biological data
(including the expression and localization profiles, systematic
phenotype profiles, and systematic genetics) dynamic
interaction profiles will be applied to system networks in order
to understand the biological processes in spatial and temporal
manners. Several systematic network studies have been made
successfully to explain certain biological phenomena, such as
NF-kB signaling (Hoffmann et al., 2002) and the yeast
galactose-utilization pathway (Ideker et al., 2001). In recent
years, scientists started to collect and input all experimental
biological data into computers to build the virtual cell that aids
the construction of cell biological models and the generation
of simulations from them (Loew and Schaff, 2001; Loew,
2002; Slepchenko et al., 2002). With more biological data, the
virtual cell could provide a useful tool to predict how cells
respond to environmental stresses and remediate the resulting
abnormal cellular behavior.

Concluding Remarks

Studying protein interactions is a critical step in understanding
the function and fate of organisms at the molecular level.
Despite extensive studies on protein-protein interactions,
current available data are still too limited to fully cover all
protein interactions. For example, there are at least 30,000
estimated interactions in yeast, which is three times larger
than currently known interactions (von Mering et al., 2002).
In higher organisms, the interaction network is more complex
than in yeast since more genes and protein forms are present.
As more genome sequencing projects are completed and new
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interaction detection methods are developed, they will make a
big contribution to building the proteome interaction network
and thus the system network in higher organisms.
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