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Mapping protein—protein interactions with combinatorial

biology methods
Joelle Pelletier* and Sachdev Sidhut

Extremely diverse, DNA-encoded libraries of peptides and
proteins have been constructed that include a linkage between
each polypeptide and the encoding DNA. Library members can
be selected by virtue of a particular binding specificity, and
their protein sequence can be deduced from the sequence of
the cognate DNA. Such combinatorial biology methods have
proven invaluable in both identifying natural protein—protein
interactions and also in mapping the specificities and
energetics of these interactions in fine detail.
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Abbreviations

BRET  bioluminescence resonance energy transfer
DHFR  dihydrofolate reductase

FACS  fluorescence-activated cell sorting

FRET  fluorescence resonance energy transfer
GFP green fluorescent protein

SH2/3 Src-homology 2/3 domain

Introduction

In February 2001, the sequence of the human genome was
reported with over 90% coverage, revealing an estimated
31,000 proteins, most of which are of unknown function
[1,2]. Elucidation of the genome sequence sets the stage
for a still more daunting task: the assignment of biological
function to the tens of thousands of newly discovered pro-
teins. The identification of protein—protein interactions
can help to determine the biological function of novel
proteins, by situating them relative to other proteins in
cellular pathways or functional classes (see [3°]).

An ideal general strategy for the detection of protein—protein
interactions would be selective enough to reject non-specif-
ic interactions (or ‘false positives’) yet sensitive enough to
ensure the detection of all biologically relevant interactions,
thus avoiding ‘false negative’ results. This ideal strategy
would be equally effective with all proteins and would allow
for the rapid screening of very large combinatorial sequence
spaces. Although such an idealized strategy does not exist,
the efforts of numerous researchers have produced powerful
strategies for mapping protein—protein interactions.

T'he first generation of strategies developed for the identi-
fication of protein—protein interactions involved the use of

proteins with no linkage to their encoding DNA. For
example, protein-affinity chromatography, coimmunopre-
cipitation of complexed proteins, affinity blotting and
chemical crosslinking are all physical methods for the
in vitro identification of interactions (see the article by
Xenarios and Eisenberg in this issue pp 334-339). These
systems are generally simple to run and are routinely
applied in the validation of interactions determined by
library-based strategies (described below). However, being
inherently low-throughput, they are not readily amenable
to the combinatorial approaches that are needed to rapidly
and accurately identify the interactions occurring in a
complex organism.

In the past decade or so, the creative use of molecular
biology has given rise to numerous combinatorial biology
methods that link proteins to their encoding DNA. In this
review, we focus on combinatorial biology methods that
use DNA-encoded libraries to identify and analyze
protein—protein interactions. We first describe the various
methods, and then discuss how they have been applied to
problems of interest: identifying natural protein—protein
interactions and, subsequently, mapping the specificities
and energetics of these interactions in fine detail [4°].

Combinatorial biology methods

Combinatorial biology depends on the ability to link
polypeptides to their encoding DNA. The methods for
generating DNA-encoded polypeptide libraries can be
divided into two groups. /7 vitro methods use libraries in
which polypeptides are accessible to exogenous ligands.
These libraries can be used in direct iz vitro binding
selections with immobilized target ligands to enrich for
polypeptides with particular binding specificities and
affinities (Figure 1). In contrast, /# vivo methods use
polypeptide libraries that are expressed inside living cells
along with a target protein of interest. An interaction
between a particular library member and the target protein
is detected by virtue of an effect on the host cell, such as a
selective growth advantage, or changes to a physical
property of the host cell (Figure 2). In these figures and
throughout the text, X’ and ‘Y’ identify the interacting
proteins of interest, whereas ‘A’ and ‘B’ identify compo-
nents of the detection system.

In vitro methods

Phage display is the predominant method for /2 vifro com-
binatorial biology (reviewed in [5°]). The method stems
from the observation that polypeptides fused to certain
bacteriophage coat proteins are displayed on the surfaces
of phage particles that also contain the cognate DNA.
Libraries of ‘fusion phage’ can be rapidly sorted to obtain
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clones with desired binding properties and phage can be
readily amplified by passage through a bacterial host
(Figure 1). Phage display was first demonstrated with the
Escherichia-coli-specific M13 bacteriophage [6] and this
remains the most popular platform. However, several other
E. coli phage have since been adapted for phage display
[7,8] and eukaryotic systems have also been developed [9].
In addition, a related ‘peptides-on-plasmids’ system has
been developed in which proteins are linked directly to
the plasmid that encodes them [10]. With current opti-
mized methods, M13 phage display libraries containing up
to 1012 members can be constructed [5°].

Another approach to DNA-encoded libraries is provided
by cell-surface display in which polypeptides are displayed
directly on bacterial or yeast cells that also contain the
encoding plasmid DNA (reviewed in [11] and in the article
by Wittrup in this issue pp 395-399). Although binding
selections with these systems involve the use of live cells,
they can be considered i7# vitro methods because the
polypeptides are on the outside of the cells where they are
accessible for binding to exogenous ligands. Thus, these
libraries can be used in selections analogous to those with
phage display or, alternatively, they can be sorted using
fluoresence-activated cell sorting (FACS).

In the methods described above, library diversity is
limited by the fact that library construction involves a
transformation step in which recombinant DNA is intro-
duced into host cells. However, display methods based on
cell-free translation have been developed to circumvent
the limiting transformation step and thus enable library
diversities in excess of 1013 members (see the article by
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In vitro selection with phage display. Proteins are displayed on the
surfaces of phage particles (orange ovals) that also encapsulate the
encoding DNA. The phage-displayed library is exposed to an
immobilized target; non-binding phage are removed by washing while
bound phage are retained. Bound phage are then eluted and amplified
by infection of an Escherichia coli host. Pools of amplified phage can
be used in additional rounds of selection to further enrich for binding
clones or, alternatively, the sequences of displayed proteins can be
determined by sequencing the encapsulated DNA. Other in vitro
display methods follow similar principals of binding selections followed
by clonal amplification.

Amstutz ¢ a/. in this issue pp 400-405). In these systems,
in vitro transcription and translation are used to produce
protein—mRNA complexes in which polypeptide libraries
are linked to their encoding mRNA, either non-covalently
through a stalled ribosome [12] or covalently through a

In vivo selection systems. (a) DNA encoding
the target (X, red) and bait (Y, yellow) proteins @
is fused to either part (A or B) of the reporter
system. Co-expression in a cell yields the
fusion proteins A—X and B-Y. (b) The yeast
two-hybrid system. Interaction between X and
Y results in functional pairing of the DNA-
binding domain (A) and the transcriptional
activator (B) allowing transcription of a
reporter gene and leading to a detectable
phenotype. (c) The protein fragment
complementation assay. Interaction between
Xand Y results in reconstitution of an active
enzyme (A—B), which gives rise to a
detectable signal such as fluorescence or
biosynthesis of an essential growth factor.
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puromycin molecule [13]. These protein—-mRNA complex-
es can be used in functional selections to enrich for
binding proteins, and reverse transcription is used to
convert the associated mRNA to DNA which can then be
amplified with the polymerase chain reaction.

In vivo methods

In vivo methods can be defined as those in which the pro-
tein—protein interaction under study is detected inside a
living cell. The most widely used iz vivo method for the
detection of protein—protein interactions is the yeast two-
hybrid system (Figure 2a,b). Interaction between the two
proteins of interest (the ‘target’ and the ‘bait’) results in
functional assembly of the two components of a signaling
system: a DNA-binding domain and a transcriptional acti-
vation domain. As a result, transcriptional activation of a
reporter gene occurs leading to a detectable phenotype,
which can be screened for or directly selected. Although
this describes the ‘standard’ yeast two-hybrid assay, it has
given rise to a plethora of variations (reviewed most
recently in [14]; see also [15,16]). These include the use of
various DNA-binding domains and transcriptional activa-
tion domains or the requirement for a bridging molecule,
such as RNA or a small ligand, to allow interaction (termed
the three-hybrid assay). In addition, so-called ‘reverse’
two-hybrid strategies allow identification of components
that disrupt protein—protein interactions (reviewed in
[17]). Finally, two-hybrid systems in alternative hosts have
been proposed to overcome the limitation of detecting
interactions exclusively in the yeast nucleus [18°].

The above strategies rely on the transcriptional activation
of a reporter gene, which can present certain disadvan-
tages: first, the detected signal is not the direct result of
the studied interaction, and second, any molecules that
affect transcription compromise detection. An alternative
is detection based on the complementation of enzyme
fragments (Figure 2¢). Reconstitution of the fragments to
yield active enzyme is obligatorily directed by interaction
between the target and the bait proteins; the enzyme activ-
ity is directly detected. The best-characterized fragment
complementation assay is based on the reconstitution of
the enzyme dihydrofolate reductase (DHFR). Interaction
between the target and bait proteins can be selected for as
a result of cellular propagation [19,20°] or detected by
fluorescence of a bound inhibitor [20°]. The DHFR
fragment complementation assay is not restricted to a
particular cell type or compartment, allowing for detection
of interactions in a variety of meaningful cellular contexts.

An advantage of fluorescent signaling is the potential for
sorting cells using the high-throughput capacity of fluores-
cent-assisted cell sorting (FACS). As in the case of the
DHFR fragment complementation assay, FACS can be
applied to the following strategies. A recent twist to
fragment complementation is the directed non-covalent
reassembly of two fragments of green fluorescent protein
(GFP), which allows the direct detection of protein—protein

interactions by fluorescence [21]. An interesting variant to
the use of GFP fragments is their coupling to a self-excis-
ing ‘intein’ protein [22]. This results in the potentially
advantageous covalent reassembly of GFP. Here, two intein
fragments were genetically fused to the GFP fragments,
and further fused to the proteins of interest. Protein inter-
action allows reconstitution not of GFP, initially, but rather
of the intein. Reconstitution of the intein results in its self-
excision and the concomitant covalent ligation of the two
GFP fragments, yielding full-length, active GFP. Another
variant of fragment complementation relies on weakening
the classical, spontancous complementation of [3-galactosi-
dase fragments, where interaction between fused proteins
of interest enhances complementation [23]. A wide range of
detection protocols exist for the detection of [3-galactosi-
dase activity, including those yielding luminescent and
fluorescent signals [24]. The fact that the fragments can
weakly complement each other in the absence of interact-
ing partners suggests that B-galactosidase complementation
may be more appropriately used with pairs of well-behaved
partners than in library screening, as background signal is
likely to interfere with the detection of weak interactions.

In the recently developed protein recruitment systems
(reviewed in [25,26]), the first protein of interest (X) is
genetically fused to a membrane localization signal (A).
The second protein of interest (Y) is fused either to Sos or
to Ras, the membrane localization of both these proteins is
a requirement for activation. Activation leads to a selectable
trait such as temperature sensitive growth (Sos) or signal
transduction leading to transcription of a reporter such as
the bioluminescent luciferase (Ras). Recruitment strategies
have been demonstrated in yeast and in mammalian cells.
The Sos recruitment system is commercialized as
Cytotrap (Stratagene); its initial short-comings [25] are
being addressed by continuing improvements [27]. These
systems have been used to screen a library against a single
protein of interest (e.g. [28]), but have not been applied to
combinatorial screening.

Detection strategies for use in bacteria can offer many
advantages relative to yeast and mammalian cells, such as
ease of manipulation, the speed of assay and low cost.
These recently reviewed approaches [29] include a strate-
gy based on the complementation of two fragments of
adenylate cyclase, which allows cyclic AMP synthesis and
detection of the result of a signaling cascade [30].
Strategies have also been reported based on the interrup-
tion of the dimerization of transcriptional activators and
repressors; in these systems dimerization is re-established
by interaction of the fused proteins of interest [31,32].

Alternative screening strategies involve the use of light
energy transfer, in which the approach of an energy donor
and its acceptor result in a detectable pattern of light emis-
sion. In both fluorescence and bioluminescence resonance
energy transfer (FRET and BRET, respectively) the
proteins of interest (X and Y) are genetically fused either
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to two fluorescent proteins A and B, in the case of FRE'T,
or to one bioluminescent protein (A) and one fluorescent
protein (B), in the case of BRE'T. For example, a biolumi-
nescent luciferase and GFP may be used. It is necessary
for the emission spectrum of A to overlap with the excita-
tion spectrum of B. Thus, the interaction between X and
Y, in the cell, allows for proximity-dependant energy
transfer between the energy donor A and its acceptor B.
This event is recorded either as a decrease in the fluores-
cence emission of A or as an increase in that of B. FRE'T
and BRE'T have been successfully applied to the difficult
task of detecting the oligomerization of integral membrane
proteins #z sifu, among other applications [33].

Mapping protein—protein interactions
Combinatorial biology methods have proven invaluable
both in defining natural protein—protein interactions and in
rapidly mapping the specificities and energetics of these
interactions in fine detail.

Identifying naturally occurring protein—protein interactions
The past year has been marked by many reports of studies
to build comprehensive maps of protein—protein interac-
tions within model organisms such as yeast, bacteria and
viruses (reviewed in [34]). These impressive achieve-
ments, for the most part, used matrix-based approaches in
which large sets of predefined polypeptides were screened
against each other. This approach is distinct from true
library screening where a complex DNA library is screened
and the relevant proteins are identified after a hit is
obtained (as clearly explained in [18°]). In parallel,
progress has also been made in mapping protein—protein
interactions in Drosophila (recently reviewed in [35]), but
not at a high-throughput level. The close genetic linkage
between the human and Drosophila protecomes indicates
that the maps built for this simpler organism will speed
mapping of the human proteome.

In an impressive body of work, Uetz ez a/. [36°°] reported a
high-throughput yeast two-hybrid screen of most yeast
proteins (approximately 6000) against each other. These
researchers cloned 87% of yeast genes as fusions, first to a
DNA-binding domain (see Figure 2a) and then to a tran-
scriptional activation domain. Yeast transformants carrying
the first fusion were arranged in an array format and each
was mated against a pool of transformants carrying the
latter fusion. Using this strategy, 8% of yeast gene products
were mapped in interactions. In addition, a smaller and
more labor-intensive array screen was performed in which
single fusions (rather than a library) were tested against the
array. In this case, almost 50% of the gene products tested
yielded at least one interaction, but only 3% of the yeast
genome was tested in this manner.

An independent, large-scale project by Ito ez al. [37,38°°]
has recently reported more complete coverage of the yeast
interaction map. The researchers cloned approximately
95% of all yeast genes into both fusion libraries required

for two-hybrid screening. This study yielded approximate-
ly 4500 possible interactions among 3300 proteins, or
roughly 50% of the gene products tested with almost full
coverage of the genome. However, after eliminating the
likely false positives, the authors suggest that 400 of these
interactions may be biologically significant.

Interestingly, neither of these studies identified more than
15% of previously published interactions [37], suggesting
that the map of protein—protein interactions in yeast may
be more complex than expected. Further improvements in
two-hybrid screening, including computationally assisted
validation, will continue to improve the frequency of
biologically significant hits and enable more complete
mapping [34].

A combinatorial yeast two-hybrid screen of the 266
vaccinia virus proteins was reported: the required fusions
with both a DNA-binding domain and an activation
domain were obtained, and all possible pair-wise matings
were performed in an array format [39]. Out of the 70,000
combinations, 37 interactions were identified, including 28
putative novel interactions. Although this work yielded
new and informative material leading to a better under-
standing of viral functions, there remains much to be done
in order to obtain the complete vaccinia virus interaction
map because of a high level of false-negative results.

Comprehensive mapping of the interactions that occur
among hepatitis C virus proteins is an apparently simple
task: the single polyprotein encoded by the virus is
processed into approximately 10 proteins only. However,
classical yeast two-hybrid experiments failed to reveal
interactions. Flajolet ez a/. [40] took advantage of the small
size of the virus genome to screen random genomic frag-
ments. They improved the two-hybrid selection protocol
by preselecting only in-frame fragments that show no
autoactivation and in this way were able to identify sever-
al interactions, both known and novel.

These improvements paved the way for the first
protein—protein interaction map reported for a prokaryote,
that of the bacterium responsible for some forms of stomach
ulcers, Helicobacter pylori [41°°]. The researchers modified
the yeast two-hybrid strategy to screen 261 H. pylori bait
proteins against more than 10° target (or prey) protein frag-
ments. Focusing on protein fragments, rather than on entire
proteins, increased the number of combinations that need-
ed to be verified. However, the strategy is advantageous as
many proteins are not suitable for two-hybrid screens —
they may, for example, give rise to false-positive signals or
be insoluble — whereas their constituent fragments may be
well suited to the task. Indeed, the researchers connected
almost 50% of the organism’s proteins through their interac-
tions. Although very labor-intensive, the strategy combined
many improvements leading to a lower number of false-pos-
itives and false-negatives and should be generally applicable
to any genome of interest.
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In addition to whole-proteome screening, yeast two-hybrid
approaches have also been recently applied to the identifi-
cation of interactions occurring in highly complex subsets
of proteins, such as signal transduction pathways, RNA
splicing proteins, cytoskeletal proteins [42] and proteins
involved in cellular trafficking pathways [43]. A complete
study of the interactions involving 27 proteins of vulval
development in the nematode Caenorabditis elegans is
noteworthy [44°]. The authors sceened a matrix of 27
proteins expressed as DNA-binding domain fusions
against a (. elegans genomic library of activation domain
fusions, representing approximately 20,000 gene products.
The authors identified 148 interactions among 124 pro-
teins, including 50% of all previously reported interactions,
indicating a relatively low level of false-negatives.

The DHFR protein fragment complementation assay
holds much promise in complementing the two-hybrid
strategies and becoming a generally applicable strategy for
mapping interactions in a variety of relevant cellular
contexts. In a demonstration of its use in mammalian cells,
it enabled the determination of the mechanism of induced
dimerization of the transmembrane erythropoietin recep-
tor as well as the i vive quantitation of interactions
[20°,45]. The combinatorial power of the strategy (as illus-
trated below) suggests that applications to large-scale
proteome screening are forthcoming,.

Resonance energy transfer methods (FRET and BRET)
are being increasingly applied to the detection of pro-
tein—protein interactions [46]. Recent examples include
the mapping of interactions between two transport recep-
tors and proteins of the nuclear pore complex [47] and
applications to the detection of oligomerization of G-pro-
tein-coupled transmitter receptors [33]. These approaches
can also allow for the determination of the subcellular
locus of interaction, by fluorescence microscopy [48].
FRET and BRE'T are commonly applied to small panels
of interacting proteins, but should be amenable to high-
throughput detection of protein—protein interactions [49].

Binding partners for orphan receptors and ligands have also
been identified using cDNA libraries displayed on either
M13 phage [50-53] or other bacteriophage [54,55]. Phage-
displayed c¢DNA libraries share the limitation that is
common to most strategies presented here, namely that
not all eukaryotic proteins can be displayed efficiently
with any particular display system. It is possible that dif-
ferent display systems will prove useful for the display of
different subsets of proteins. However, certain proteins
types, such as integral membrane proteins, are likely to be
unsuitable to any phage-display method.

Mapping binding specificities and energetics

Protein—protein interactions can be roughly divided into
two basic types: those that involve binding contacts spread
over large, non-contiguous surfaces and those that involve
the recognition of a continuous, linear stretch of amino

acids. Combinatorial approaches are particularly useful for
mapping the latter type of interaction because it is quite
easy to generate large libraries of naive peptides that effec-
tively mimic linear epitopes. Indeed, phage display was
first used to identify linear binding epitopes for mono-
clonal antibodies and this remains a major use for the
technology [56]. By contrast, the analysis of large interfaces
is more challenging because libraries must be constructed
in the context of large, folded proteins that may not be
readily amenable to particular combinatorial biology tech-
niques. However, effective methods have been developed
for dealing with an impressively diverse range of
protein—protein interactions.

Many intracellular functions are controlled and mediated by
protein domains that bind continuous, linear epitopes in
other proteins (reviewed in [57]). There are several distinct
families of these domains that have specific requirements for
the types of ligand they recognize, but combinatorial biology
methods have been developed to analyze most of the major
interaction types. SH3 and WW domains, which bind to pro-
line-rich sequences, have been studied with phage-display
peptide libraries [58,59]. Similarly, 7z vitro phosphorylated
phage libraries have been developed to study the binding
specficities of SH2 and PTB domains, which recognize
phosphotyrosine-containing peptides [60,61]. PDZ domains
recognize the extreme C termini of proteins and have been
studied using peptide libraries displayed as C-terminal
fusions in either a peptides-on-plasmids system [62] or a spe-
cialized phage-display system [63]. All these studies
produced small, linear peptides that bound the target pro-
teins with high specificity and affinity. These peptides could
be used as potent inhibitors of natural protein—protein inter-
actions. These sequences could also be used to identify
natural binding partners and to assign biological functions to
protein binding domains.

"To study interactions that involve noncontiguous binding
epitopes, libraries are constructed by introducing mutations
into protein domains, either randomly or in a site-directed
manner. Following binding selection and sequence analysis
of selected clones, the contribution of each protein residue
to binding can be assessed on the basis of sequence conser-
vation, because the degree of conservation should be
proportional to functional importance. Using a special
phage-displayed library in which residues were preferential-
ly allowed to vary only as the wild-type or alanine, it was
demonstrated that combinatorial libraries can be used to
calculate binding energetics for individual sidechains with
accuracies approaching those obtained with conventional
point mutagenesis [64°°]. Protein—protein interactions have
also been analyzed iz vive using a fragment complementa-
tion assay, which provided the added advantage of
simultaneously varying both sides of an interface in a
library-against-library approach; this enabled the simultane-
ous analysis and optimization of both members of a leucine
zipper heterodimer [65°°,60]. In principle, any combinatori-
al biology method could be adapted to study binding
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epitopes and, indeed, promising results have also been
obtained with two-hybrid systems [67,68].

Conclusions

To date, yeast two-hybrid systems have provided the
predominant 7z vive method to study protein—protein
interactions, whereas the predominant 7z vizro method has
been M13 phage display, at least partly because these were
among the earliest methods developed. However, numer-
ous distinct /7 vive and in vitro methods to study
interactions have been developed over the past decade,
many of which are suitable for automation and high-
throughput screening. These methods are likely to be
complementary, with each being suitable to a particular
subset of proteins and problems. Library sizes and
construction methods are constantly improving, thus
increasing the diversity that can be accessed and also
improving the library quality; parallel improvements in
instrumentation and robotics help to increase screening
efficiency. Validation is the current bottleneck to positive
identification of interacting pairs; computational develop-
ments and database construction (as reviewed by Xenarios
and Eisenberg in this issue pp 334-339) help both in vali-
dation and analysis of the complex interaction networks
that are being drawn. As a further extension, the above
strategies can also be exploited in identifying ligands that
are required for given interactions to occur or which
disrupt interactions. The ultimate goal, to draw full inter-
action maps illustrating the temporal and spatial
relationships between all proteins, is not far in the future.
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