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Interactome mapping, the systematic identification of protein

interactions within an organism, promises to facilitate systems-

level studies of biological processes. Using in vitro

technologies that measure specific protein interactions, static

maps are being generated that include many of the protein

networks that occur in vivo. Most of the binary protein

interaction data currently available was generated by large-

scale yeast two-hybrid screens. Recent efforts to map

interactions in model organisms and in humans illustrate

the promise and some of the limitations of the two-hybrid

approach. Although these maps are incomplete and

include false positives, they are proving useful as a

framework around which to elaborate and model the

in vivo interactome.
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Introduction
A full understanding of any biological system requires an

account of the interactions among its constituent mole-

cular parts. Defining the interactions among proteins is

essential, because they play a role in virtually every

biological process. Early efforts to map all of the protein

interactions for a handful of organisms have used two

main experimental approaches: yeast two-hybrid screen-

ing and the detection of protein complexes by mass

spectrometry. These complementary approaches produce

static, albeit noisy, snap-shots of the interactions that can

occur in an in vivo system. Although the resulting inter-

action maps have lacked sufficient coverage and dynamic

information to provide a clear picture of what a complete

protein interaction map (or interactome) will look like,

they are providing many biological insights and are a

useful starting point for systems-level studies. This

review will focus on large-scale yeast two-hybrid
www.sciencedirect.com
screening, which has produced most of the binary protein

interaction data currently available. Despite lingering

technical issues, including incomplete coverage and the

detection of non-biological interactions (false-positives),

two-hybrid data are providing a foundation for further

interactome studies.

The yeast two-hybrid system is a simple robust assay for

protein–protein interactions [1,2] that was developed for

high-throughput screening during the early 1990s (Box 1).

The first genome-wide interaction map was generated for

bacteriophage T7, demonstrating both the value of the

screening approach and of the resulting data [3]. Similar

efforts with larger genomes, however, have been limited

in part by the challenge of generating clone sets with the

open reading frames (ORFs) in the two-hybrid vectors for

expressing DNA-binding domain (BD) and activation

domain (AD) fusions in yeast. A second challenge has

been to establish efficient strategies to mate large sets of

BD and AD yeast strains to sample all possible combina-

tions of interactions (Box 1). Despite these challenges,

large-scale yeast two-hybrid screens have been conducted

for several viruses, Helicobacter pylori, budding yeast,

Plasmodium falciparum, Caenarhabitis elegans, Drosophila
and, recently, human [4–10,11�,12,13��,14,15,16��,17��].
The data from these screens are proving to be tremen-

dously useful for individual studies and for interactome

modeling. The protein interaction maps generated for

human pathogens, for example, have provided clues as to

proteins that might function together during pathogen-

esis, as well as identifying putative protein targets for drug

development. For the remainder of this review we will

focus on studies with model organisms and recent results

with human proteins.

Yeast two-hybrid interaction maps
The first model organism interaction maps were gener-

ated for the budding yeast, Saccharomyces cerevisiae. Sev-

eral large-scale screens generated over 5600 interactions

involving 69% of the yeast proteins [9,10,18]. The two

papers describing the largest screens [9,10] have been

cited over 2200 times, and discussion of that data could

form the basis of a lengthy review by itself. Two key

points are worth noting here. First, the different screening

approaches that were used helped inform all subsequent

efforts with larger model organisms (see Box 1). Second,

and perhaps more importantly, the yeast two-hybrid data

provided a foundation for numerous biological studies,

including many that developed generalized methods for

analyzing and using interaction data [19�]. The value of

this contribution may be difficult to quantify, but prob-

ably cannot be overestimated.
Current Opinion in Biotechnology 2006, 17:387–393
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Box 1 High-throughput screening using the yeast two-hybrid approach

High-throughput two-hybrid screens use a mating assay [39,40] as illustrated in Figure Ia. The two proteins to be tested for interaction are

expressed in yeast as hybrid fusion proteins. One protein (X) is fused to a DNA-binding domain (BD) from a transcription factor, such as Gal4 or

LexA. The BD will bind to upstream sites engineered into reporter genes. The second protein (Y) is fused to a transcription activation domain (AD). If

X and Y interact, the AD activates the reporters, leading to the formation of a colony on media where the reporters are required for growth. LacZ is

also a common reporter; its activity is detected by blue color on indicator plates. The use of mating enables arrays of BD strains and AD strains to

be collected, which can then be screened against each other in high-throughput formats. A BD strain, for example, can be mated to the AD array to

identify individual interacting AD fusions (Figure Ib). This ‘matrix’ approach may be the most sensitive because it effectively tests one BD strain

against each AD strain in the array, but for large arrays it is impractical (e.g. thousands of BD strains would be mated with tens or hundreds of AD

plates) [9]. A more efficient but less sensitive approach is to mate individual BD strains with libraries of AD strains (Figure Ic). Reporter activation is

then selected for and the AD fusion in the surviving clones sequenced [3,41,42]. The AD libraries can be generated from cDNA or from pools of AD

clones from an array. The sensitivity of this ‘library’ approach is limited by sampling efficiency for a large library of AD strains and by the number of

clones that researchers can practically pick and sequence. The efficiency of the matrix approach has been improved by strategies that use small

pools of clones from one or both arrays (e.g. [10,43,44]). These matrix pooling strategies generally test small pools first, then confirm the

interactions by mating individual BD and AD strains. Most recent screens have used some variation of a pooling strategy.

In addition to a variety of screening strategies, other elements of the two-hybrid system have been tweaked in different ways in attempts to

maximize the identification of biologically relevant interactions. These include the use of up to three reporters [45], reduced expression vector copy

number [42], quantification of reporter activation levels [43], retesting by subcloning open reading frames into fresh yeast, regulated expression of

the hybrid proteins [46], and methods to deal with BD fusions that activate transcription [43,47]. Together, these advances have led to a variety of

screening systems and strategies in current use, each with its own merits. In fact, the lack of overlap among datasets generated by different two-

hybrid screening systems could be due in part to the unique capability of each system to detect only a subset of the interactions, which would

argue for the use of multiple systems to maximize coverage. A caveat to this interpretation is that each screen is probably far below saturation,

making it difficult to compare two systems by comparing the results of two screens.

Figure I

Yeast two-hybrid high-throughput screening approaches. (a) High-throughput two-hybrid screening utilizes yeast mating, in which expression

plasmids initially in two different haploid yeast strains are brought together. In the first strain, protein (X) is fused to a DNA-binding domain (BD)

and will bind at an engineered site upstream of the reporter gene. In the second strain, protein (Y) is fused to a transcription activation domain

(AD). To conduct the assay, the two strains are mated and the reporter activity measured in the resulting diploids. If X and Y interact, AD

activates the reporter, leading to selection. (b) The matrix approach and (c) the library approach for high-throughput screening; both have

been superceded by pooling strategies. See text box for details.
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Two-hybrid screens for the multicellular organism

C. elegans have identified over 5400 interactions covering

�12% of the C. elegans genes [12,20]. In the largest screen,

Li et al. [12] initially focused on multicellular functions by

screening C. elegans AD libraries with �1900 BD bait

proteins chosen because they have human orthologs or

were known to be involved in metazoan-specific func-

tions. Several studies have integrated the interaction data

with other functional genomics data to derive models for

genetic pathways. In one study, for example, the two-

hybrid interactions were combined with correlated

expression profiles and loss-of-function phenotype pro-

files to derive an integrated network that predicted a set

of molecular machines functioning during early C. elegans
embryogenesis [21]. In another example, the two-hybrid

map was extended and used to guide a systematic phe-

notypic analysis of the transforming growth factor b

(TGFb) signaling network, leading to a functional map

of that pathway [22]. In each of these examples, the

binary two-hybrid data were an essential part of the initial

framework leading to testable hypotheses about genetic

regulatory networks.

Three large two-hybrid screens for Drosophila generated

the most extensive interaction map yet for any metazoan

[13��,14,15]. Together, these screens detected over

24 000 interactions involving proteins representing

�54% of the predicted Drosophila genes [23]. Each of

the screens demonstrated that the data are enriched for

biologically relevant interactions, pointing to statistically

significant overlap with other datasets including genetic

interactions, pairings of specific gene functions and pro-

tein domains, and biologically significant network topo-

logical properties. Although the map is still incomplete,

the broad level of coverage creates opportunities for

connecting together more proteins into functional
Figure 1

Protein interaction maps place disease-associated proteins into a network c

data from high-throughput screens with Drosophila or human proteins. (a) T

studies involving orthologs of human disease-associated proteins (red node

edges are from [15]. Orthologs were obtained as described in [48] by BLAS

cut-off of 10�10. Of the 1716 fly orthologs of human disease genes, 914 (53

from the dataset, ‘Center for Cancer Systems Biology Human Interactome v

(green nodes). The CCSB-HI1 two-hybrid dataset included 121 of the disea

911 HC interactions from [17] are shown. The map includes 45 human OMI

in the entire two-hybrid map. (Figure reproduced from [17] with permission.
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modules than do maps for other multicellular organisms.

This value is illustrated in the potential for placing human

disease-associated genes into pathways. Of the 2727

human disease-associated genes currently identified in

the Online Mendelian Inheritance in Man (OMIM) data-

base [24], 1716 have obvious Drosophila orthologs and 914

(53%) of these are represented in the two-hybrid maps

(Figure 1).

Large two-hybrid screens with human proteins have until

recently focused on specific diseases or pathways [25,26]

(see also Update). Two new studies, however, have

demonstrated the potential for proteome-wide interac-

tome mapping for humans [16��,17��]. Rual et al. [16��]
screened approximately 7200 human full-length ORFs,

randomly chosen on the basis of clone availability, and

identified 2754 protein interactions. Stelzl et al. [17��]
screened two-hybrid arrays generated from a human fetal

brain cDNA library and from a set of �2000 full-length

ORFs, and identified 3156 interactions. Together, the

two datasets identified over 5900 protein interactions

(Figure 2), most of which are novel. As with the model

organism maps, the human two-hybrid maps showed

statistically significant pairing of proteins with the same

annotated functions. Rual and colleagues also showed

that interacting protein pairs were more likely to have

mouse orthologs with a shared phenotype than random

pairs, had a higher probability of being encoded by genes

with common upstream sequence elements, and were

more likely to have correlated gene expression profiles

[16]. All of these findings point to the biological signifi-

cance of the interactions in the two-hybrid data. Both

studies give examples by highlighting several subnet-

works in their maps that provide biological insights into

specific pathways. The maps also connect several OMIM

disease-associated proteins into potential pathways and
ontext. Shown are portions of yeast two-hybrid protein interaction

he Drosophila high-confidence (HC) interactions from three combined

s) [48]. Green edges are from [13], blue edges are from [14], gray

TP with disease-associated genes from OMIM at an e-value

%) are in the combined two-hybrid map. (b) Human interactions

ersion 1’ (CCSB-HI1) [16], involving OMIM disease-related proteins

se proteins. (Figure reproduced from [16] with permission.) (c) All

M disease proteins (orange nodes); 195 disease proteins were found

)
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Figure 2

High-throughput two-hybrid screens are subsaturating. Venn diagrams showing overlap among independent high-throughput two-hybrid screens

(a) for Drosophila proteins or (b) for human proteins. In each case the data represent the entire two-hybrid dataset rather than just the set judged

to be high confidence in each study. Numbers indicate unique interactions based on gene locus (i.e. detection of an interaction between protein

A and two splice variants of protein B would be counted as one interaction). Data for Drosophila were obtained from Giot et al. [13��], Stanyon

et al. [14], and Formstecher et al. [15], and compiled to remove redundancy in the Drosophila Interactions Database [23]. Human data was

obtained from Rual et al. [16��] and Stelzl [17��].
functional modules with other proteins (Figure 1),

demonstrating the potential of this data for human disease

research.

The large amount of interaction data now available from

human and model organisms has led to further insight

through comparative network analyses. Cross-species

comparisons of interaction datasets have identified multi-

ple networks conserved between yeast, Drosophila and

C. elegans [27]. The comparison of interaction maps from

multiple organisms has facilitated the prediction of addi-

tional interactions missing in one system but found in

others [27,28��]. The model organism maps have

been particularly useful for predicting human interactions

[29–31]. Lastly, several studies have noted that interac-

tion maps share certain topological features that correlate

with biological properties, including clustering of func-

tionally related proteins and a non-random distribution of

interactions per protein [32]. However, more recent stu-

dies suggest that the level of interactome coverage could

impact the interpretation of topological features (e.g.

[28��,33]) and, therefore, the full implications of network

analyses are likely to continue to emerge as interactome

maps become more complete.

Coverage
One common feature of the large-scale two-hybrid

screens is the high frequency of false negatives or missed

interactions. These are evident from the minimal overlap
Current Opinion in Biotechnology 2006, 17:387–393
with published low-throughput datasets [12,13��,16��,34]

or between different high-throughput two-hybrid data-

sets generated for the same organism (Figure 2). One

reason for this incomplete coverage is that the clone sets

used in the screens are themselves incomplete. For

example, the screens of Rual [16��] and Stelzl [17��]
represented only around 23% and 30% of the predicted

human genes, respectively, whereas the two-hybrid clone

sets for Drosophila represent only 78% of the fly genes. A

second factor is that two-hybrid screens miss some inter-

actions, even among proteins included in the screening

clone set. This occurs in part because some interactions

cannot be detected by the yeast two-hybrid approach.

Perhaps a larger contributing factor, however, is the

subsaturating nature of the high-throughput screens. This

is evident from comparing different two-hybrid screens

that use the same proteins. Two of the Drosophila screens

[13��,14], for example, used AD arrays generated with the

same set of �12 000 ORFs and screened them with at

least 100 of the same BD proteins, yet detected very few

interactions in common (Figure 2a). Similarly, in compar-

ing the human screens (Figure 2b) it is clear that there

were many more opportunities for overlap than were

observed. Of the 1904 genes represented in the interaction

map from Stelzl and coworkers, 996 (52%) were among the

genes that Rual and colleagues screened. Similar results

were found for the extensive two-hybrid screens for yeast

proteins [10]. In each case (yeast, Drosophila and human),

the overlapping data from multiple screens is small and the
www.sciencedirect.com
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non-overlapping data are of the same quality and useful-

ness typical of two-hybrid data. Together, these studies

suggest that screening efficiency remains a significant

limitation to achieving complete coverage with this

technology.

Validation
High-throughput two-hybrid data are notoriously clut-

tered with false positives. Distinguishing these from

the biologically relevant interactions is a challenge for

biologists studying individual pathways and for computa-

tional biologists trying to model the interactome. There

are two distinct aspects to validating two-hybrid interac-

tions. One is to determine if the two-hybrid reporter

activity is indicative of a true specific binary protein

interaction. This can be addressed by demonstrating

the interaction with a different assay, such as co-affinity

purification. The second, much more important question

is whether the interaction takes place in vivo where it

plays some functional role in the organism. An interaction

that can be detected in an orthogonal assay, or even in an

independent two-hybrid screen, is less likely to be a two-

hybrid artifact and more likely to be biologically signifi-

cant [14,34,35]. However, at least in the near-term, such

cross-validation might be difficult to obtain; for example,

of the 43 242 interactions currently recorded in the Data-

base of Interacting Proteins (DIP) [36] for yeast, worm

and fly, 94% have been detected in only one experimental

system and most two-hybrid interactions have been

detected in only one screen (e.g. Figure 2).

An alternative to experimental cross-validation is to anno-

tate every interaction with a computationally derived

confidence score that relates to biological significance.

For example, computational methods have been

described that assign statistical scores to each interaction

representing the likelihood that it occurs in vivo. In

general, the methods use attributes of both the proteins

and the interaction data that correlate with biological

significance to derive a statistical score for every interac-

tion [37]. Bader and colleagues [13��] applied this

approach to score the interactions from the Drosophila
two-hybrid data, showing that interactions receiving

higher scores were more likely to be biological true

positives. Such scoring systems have several advantages.

First, every interaction is scored and maintained within

the dataset; this keeps all interactions available for further

analysis as new data, computational methods and scoring

systems become available. Second, users can view the

data at different confidence levels. For sparse networks,

for example, a lower confidence level may be tolerated to

increase sensitivity. Third, statistical scoring systems

facilitate integration of datasets [38]. Finally, rather than

indicating surrogate measures of significance, such as in
vitro reproducibility, statistical scoring systems have the

potential to relate directly to in vivo biological

significance.
www.sciencedirect.com
Conclusions
Technological advances will be needed before it is pos-

sible to test interactions among all protein isoforms in a

setting that captures the in vivo dynamics of protein

networks. In the meantime, in vitro approaches such as

the two-hybrid system can map many of the specific

interactions that occur in vivo and provide a framework

for modeling the interactome. Large-scale yeast two-

hybrid protein interaction maps are now available for

organisms from phage to human. These maps are provid-

ing insights into individual protein functions, pathways,

molecular machines, functional protein modules, and

evolution. Despite the success of the large-scale screens,

they have identified only a fraction of the interactions that

could be defined by yeast two-hybrid screening. With the

continued development of complete clone sets and

increasingly efficient screening strategies, the yeast

two-hybrid system is likely to continue to make signifi-

cant contributions to interactome mapping efforts for

some time.

Update
A recent high-throughput two-hybrid screen focused on

proteins involved in inherited neurodegenerative disor-

ders [49�]. The screen resulted in a map with 770 mostly

novel interactions centered on 20 ataxia-related proteins.

The map linked many of the poorly characterized disease

proteins to each other and to proteins with known func-

tions, providing new clues about the pathways involved in

the ataxia diseases. This study also illustrates the con-

tinued value of two-hybrid screens that focus on specific

diseases or pathways, while the coverage of random large-

scale screens remains incomplete.
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