
ABSTRACT

The identification of antagonists of protein-protein interactions is a crit-
ical challenge to the pharmaceutical industry. The selection of a protein tar-
get, which is amenable to antagonism, is the first of many decisions that de-
termine the success of these efforts. In addition, the definition of strategies
and the development and application of methodologies appropriate to that
target will be vital to the success of efforts to identify antagonists of a pro-
tein-protein interaction. An analysis of current approaches to the identifi-
cation of lead molecules demonstrates that a search for competitors of a
known binder is the basis of traditional screening as well as more modern
approaches based on structure activity relationship (SAR) by nuclear mag-
netic resonance (NMR), molecular fragments, rational design, and tether-
ing. The latter methods employ a structural perspective, throughout the dis-
covery and optimization of a lead, to provide the practitioner with some
control over the success of the process.

INTRODUCTION

Interactions between proteins, whether enzyme-substrate, re-
ceptor-ligand, or other protein-protein interactions, are critical
to the spatial, temporal, and functional distribution of proteins
within cells, tissues, and organisms. These processes underlie the
biology of human disease, and the control of these interactions
could be critical to the treatment of those disease states. The dis-
covery of small molecule leads in the inhibition of large protein-
protein interactions has been recognized as one of the major re-
search challenges facing the pharmaceutical industry in the 21st
century (1). A series of recent reviews have covered aspects of
these efforts and noted successes utilizing screening, rational de-
sign, structure activity relationship (SAR) by nuclear magnetic
resonance (NMR), NMR-guided fragment selection, and phage
display in the search for these leads (2–7). These methods are
largely extensions of existing lead discovery and optimization
technologies as applied to this challenging problem. Additional
methods and strategies have been developed specifically to facil-
itate the discovery of small molecule antagonists of large pro-
tein-protein interactions (8–11). When applied to the identifi-
cation and optimization of antagonists of protein-protein

interactions, these newer structurally guided approaches seek to
provide the practitioner with a perspective or common point of
reference throughout the process. This can provide a sense of di-
rection to the hunt as well as to the hunter(s). The noted reviews
(2–7) have been thorough in their coverage of these topics and
approaches, and the reader is referred to them for the details.
This review will attempt to provide the reader with perspective
on aspects of these approaches, which have enabled their suc-
cessful application, and some discussion of the scope, limita-
tions, and challenges facing of the field.

PROTEIN INTERACTIONS

An examination of protein surfaces in direct contact with
each other have indicated that the topography of these contacts
is relatively flat in comparison to the deep crevices, pockets,
and holes that have dominated the analysis of protease active
sites and the binding of substrates and/or inhibitors. This dif-
ference in perception has fostered thoughts of the difficulty of
the challenge in inhibiting a protein-protein interaction. How-
ever, it should be noted that these interacting protein surfaces
are not featureless, and they present each other with comple-
mentary electronic and topographical contours that are in-
volved in the initial binding attraction and subsequent stabi-
lization of the interaction between the proteins of interest
(8,12,13). Consequently, a suitable small molecule, which
binds to the surface of a target protein and forms a stable com-
plex with the protein by presenting a complementary surface,
can block the binding of the cognate protein ligand by either a
competitive or allosteric mechanism (14). In the case of the
competitive inhibitor, the protein-small molecule complex will
project a modified electronic and topographical surface, which
is no longer attractive or complementary to its native protein
partner. The allosteric antagonist will form a complex with the
target protein, which has a modified topography and/or dimin-
ished affinity for the epitope of its partner. 

In this simplistic view, small molecule antagonists of large
protein-protein interactions should be relatively easy to find,
but this has not been the experience of researchers in the field.
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In fact, there is a common belief among medicinal chemists that
these inhibitors are impossible or at least very difficult to find.
The reality of the challenge lies somewhere between these ex-
treme views. Key to the successful identification of lead struc-
tures has been the very selection of the target protein within the
protein-protein interaction of interest. This protein should have
a surface-binding site that is critical to the binding of the pro-
tein partner. As noted above, antagonism of the protein-protein
interaction by a small molecule occupying this site can be com-
petitive or noncompetitive in nature. The competitive in-
hibitors can bind to a site that overlaps with the contact surface
of the native ligand, while the noncompetitive inhibitors may
bind to a non-overlapping site that controls the affinity of the
target protein for it’s cognate protein ligand (e.g., an allosteric
inhibition). In either case, the small molecule antagonist must
be able to provide a complementary electrostatic (i.e., polar and
nonpolar) surface contour to the target protein, which provides
binding energy to the complex sufficient to effectively compete
with the binding of the native protein ligand. In order to be
considered a practical lead to a pharmaceutical, this must be
achieved within a small molecule framework of <500 molecular
weight and a solvent-accessible surface area of 150–500 Å2

(6,13,15,16). While the typical protein-protein interaction in-
volves a contact surface area of 1600 Å2 (13), an effective small
molecule need not occupy this entire space. An antagonist of
this size would not be expected to have reasonable pharmaceuti-
cal properties and would not be considered a small molecule
lead (15,16). Consequently, it seems that it is the size and affin-
ity of the small molecule, not the actual size of the interacting
proteins, that are the keys to the successful search for a small
molecule inhibitor of a large protein-protein interaction (6).
Generally, a realistic combination of these properties in a mol-
ecule, which could be considered a lead toward a pharmaceuti-
cal, would be high affinity (e.g., kDa < 10 nM) and a binding
footprint on the surface of the target protein that is equal to or
less than that of a steroid.

LEAD IDENTIFICATION

Screening

Antagonists of a protein-protein interaction have been iden-
tified using screening assays that label one of the protein part-
ners in a search for a molecule that blocks the association of the
proteins. This strategy can utilize a number of assay formats
(e.g., ELISA, radiolabel, fluorescence, enzyme activity, in silico
screening) to identify molecules that bind to either of the pro-
teins in the interaction and is capable of identifying competitive
and noncompetitive antagonists (2). The primary assay used for
these purposes can employ the purified proteins or can involve
cell culture where either the fate or phenotype of the cells reflect
the functional inhibition of a protein-protein interaction. The
initial successes in the identification of small molecule antago-
nists of a protein interaction preceded the advent of molecular
biology and our ability to clone and express the proteins in-
volved in the interaction and relied on activities observed in an-
imals or cell culture to identify a lead. Once a small molecule
antagonist is identified, a labeled form of it can be used in a sub-

sequent competition assay to identify additional antagonists that
compete with the initial small molecule lead for a common
binding site on the target protein. This is a proven approach fre-
quently employed in either a back-up or “fast follower” mode
within pharmaceutical research organizations. 

The identification of inhibitors of tubulin polymerization
exemplify these aspects of screening in the identification of
small molecule leads (17). The vinca alkaloids were isolated in
the mid-1950s from the Madigascar periwinkle, Catharanthus
roseus, and were noted to suppress bone marrow and cause
granulocytopenia in rats (18). Once this pharmacological activ-
ity was noted in animals, it was used to guide the isolation of
vincristine and vinblastine and to elucidate their mechanism of
action. These lead compounds were subsequently tested for
their ability to treat acute lymphocytic neoplasm and have been
a frontline therapy in the treatment of human cancers for more
than 40 years (17,19). The use of labeled forms of these leads
greatly facilitated the discovery of numerous additional natural
products, which are also active against tumors (20). It was only
in the mid-1990s that these compounds were shown to bind to
β-tubulin, thus blocking the formation of the αβ-tubulin het-
erodimer and the assembly of the mitotic spindle (21). Ulti-
mately, these efforts have enabled the rational design of newer
classes of agents that bind to the same vinblastine site on β-
tubulin (22–24). Numerous additional examples of lead mol-
ecules that have been identified by screening are discussed in
several recent reviews (2,5). It should be noted that these more
modern lead discovery efforts take advantage of advances in the
field since the discovery of the vinca alkaloids. In general, these
efforts use purified recombinant proteins in a competitive
binding assay or cell culture experiments to find inhibitors of a
protein-protein interaction. 

Phage Display

Phage display mutagenesis is a combinatorial screening tech-
nology that links the phenotype and genotype of a virus in a
process that selects for those phage that bind to the target of in-
terest (7,25,26). Typically, small peptide sequences are inserted
into one of the coat proteins in a manner that will allow their
display on the outer surface of the phage’s coat protein. These
sequences can be varied in a combinatorial sense to display a
large library of potential binders that can be readily selected,
amplified, and sequenced to identify high affinity binders. This
methodology has been used to study the energetics of protein-
protein interfaces to define the SAR of the interacting proteins
(27), as well as to identify small peptide ligands of a protein of
interest (7). This technique has proven successful against nearly
every protein it has been targeted to and has been suggested to
be the method of choice in testing the feasibility of finding an
inhibitor of a given protein-protein interaction. The format can
be customized to select for peptide sequences that are selective
for the target protein and either competitive (28) or noncom-
petitive (29) in their inhibition of a protein-protein interaction.
These peptide sequences bind to the target protein when dis-
played on the surface of phage and as synthetic short linear and
cyclic peptides independent of the phage. In some instances,
these peptides have been leads in the identification of nonpep-
tides (7,16,28,29).
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NMR Techniques

NMR has been used to detect small molecules that interact
with numerous target proteins. When applied to the inhibition
of protein-protein interactions, this technique has had success in
the identification and optimization of small molecule antago-
nists. In particular, the recent discovery of immunosuppressive
lymphocyte function-associated antigen-1 (LFA-1) antagonists
has exemplified the power of NMR-based drug discovery strate-
gies. Utilizing the I domain, a 200-amino acid fragment of the
α-subunit of LFA-1, workers at Abbott Laboratories (Abbott
Park, IL, USA) were able to develop an SAR for this protein, the
protein in complex with antagonists, and of the antagonists
themselves (4,30,31). These studies enabled the development
and execution of a novel strategy of lead optimization based on
the optimization of fragments or substructures. In this ap-
proach, a lead molecule known to bind to the target protein is
deconstructed into a set of fragments, alternative substructures
are identified, which compete with each fragment, and novel se-
ries of compounds with improved affinity and pharmaceutical
properties are identified in a subsequent (re)assembly of these al-
ternative fragments. In the case of LFA-1, this provided com-
pounds with improved potency, solubility, half-life, and oral
bioavailability (31). This fragment approach, when coupled
with the SARs developed for the protein and the small mol-
ecules, allowed the medicinal chemists to solve the LFA-1 antag-
onist puzzle by feeling their way along the surface of LFA-1,
testing the fit of the pieces of the puzzle (i.e., fragments) for the
correct electronic and contour complementarity required of an
antagonist of a protein-protein interaction.

Rational Discovery

The proteins involved in a protein-protein interaction have
themselves been used as a source of small molecule leads
(6,32,33). The study of protein structure, coupled with studies
of the effect of individual amino acid side chains on the bind-
ing and/or function of the protein, provide an SAR for the pro-
tein, which defines its epitope (34). When this epitope is key to
a protein-protein interaction, mimicry of the SAR of a cognate
protein ligand can provide a point of departure for the rational
discovery of potent antagonists (6,35). This approach has been
exemplified in the discovery of a class of intercellular adhesion
molecule type-1 (ICAM-1) mimetics as antagonsists of the
LFA-1/ICAM-1 interaction (36). Alanine point mutagenesis
was used to identify the side chain functionality of six residues
comprising a contiguous nonlinear binding epitope within the
first immunoglobulin domain of ICAM-1. A homology model
was constructed to define the SAR of ICAM-1, and aspects of
this SAR were recast in several series of low affinity peptide
analogs of ICAM-1 (37). A computational correlation of the
affinity and conformational dynamics of these peptides defined
a likely bound conformation, which was the basis of a rational
transfer of ICAM-1’s epitope to a small molecule framework.
The optimization of these small molecule leads followed a frag-
ment strategy and resulted in the identification of a compound
20-fold more potent than cyclosporine in the inhibition of lym-
phocyte proliferation (36). Again, an appreciation of protein
structure and function, in comparison with antagonist structure

and function, provided the perspective enabling the rapid iden-
tification and optimization of an antagonist of a protein-protein
interaction. It is interesting to note the similar strategies and
successes achieved in the identification of LFA-1 antagonists
were based on this example of the mimicry of the ICAM epi-
tope and the earlier example, which complemented the LFA-1
epitope. The former identified a positive image/active analog of
a known binder (i.e., ICAM-1), while the latter constructed a
negative image complementary to the electronic and topo-
graphic contours of LFA-1.

Tethering

Recently, a novel approach to the problem of identifying an-
tagonists of proteins has emerged, which captures and covalent-
ly tethers a complementary fragment molecule to the surface of
a target protein at a defined location (10). This fragment can be
combined with other similarly identified fragments to produce
a molecule with enhanced affinity that combines the binding
contacts of each fragment. Ultimately, the functional group used
to tether the fragment(s) can be eliminated from the combined
fragments to produce a high affinity lead molecule. This method
has been applied to identify antagonists of interleukin-2 (IL-2)
and its interaction with IL-2 receptor (8,9). Surface residues sur-
rounding the binding site of a known antagonist (38) were
modified to incorporate a reactive thiol group of a cysteine in a
series of mutants of IL-2 (9). A library of fragment molecules
containing a disulfide moiety was screened against the panel cys-
teine mutants under partial reducing conditions, which pro-
motes rapid exchange between thiols and disulfides. Members of
the disulfide-containing library with an inherent affinity for IL-
2 at a site in proximity to the free thiol are captured, identified,
and merged into the structure of the known antagonist. A struc-
tural characterization of this process revealed that binding of the
small molecule antagonist to the surface of IL-2 is an adaptive
process with significant rearrangement of the protein surface in
the formation of the protein-small molecule complex (9). Uti-
lizing this approach and aspects of the fragment strategy dis-
cussed earlier, an analog of a known IL-2 antagonist was en-
hanced in affinity 50-fold (8).

CONCLUSION

Just as proteins adapt in forming a protein-protein interac-
tion or a complex with a small molecule antagonist, researchers
pursuing antagonists must adapt strategies and methodologies
in response to knowledge of the structure and function of the
target protein. Along this line, a common theme in the success-
ful examples discussed in this review is the emerging use of the
fragment approach to antagonist optimization. This allows an
active series of small molecule analogs to adapt to the target pro-
tein surface in the course of their optimization. In addition, a
structural perspective on the protein target or its interaction
partner can provide a template upon which hypothesis concern-
ing the SAR of small molecule antagonists can be formulated,
tested, and refined. Similarly, considerations of the SAR of the
protein target itself can identify those proteins involved in a pro-
tein-protein interaction that are amenable to inhibition. Ad-
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vances in structural biology, spectroscopic, and computational
methodology over the last 10 years have enabled a more detailed
perspective on the structural and functional commonalities be-
tween protein-protein interactions and their antagonists. These
common threads seem to be guiding research efforts that have
successfully inhibited these interactions.
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