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Abstract: Protein-protein interactions are increasingly becoming drug targets. This is understandable, since they are crucial at all levels 
of cellular expression and growth. In practice, targeting specific disease-related interactions has proven difficult, with success varying 
with specific complexes. Here, we take a Systems Biology approach to targeting protein-protein interactions. Below, we first briefly 
review drug discovery targeted at protein-protein interactions; we classify protein-protein complexes with respect to their types of 
interactions and their roles in cellular function and as being targets in drug design; we describe the properties of the interfaces as related 
to drug design, focusing on hot spots and surface cavities; and finally, in particular, we cast the interactions into the cellular network 
system, highlighting the challenge of partially targeting multiple interactions in the networks as compared to hitting a specific protein-
protein interaction target. The challenge we now face is how to pick the targets and how to improve the efficiency of designed partially-
specific multi-target drugs that would block parallel pathways in the network. 

1. INTRODUCTION 

Drug Discovery and Protein-Protein Interactions 

 The completion of the sequencing of several genomes has 
revealed that the complexity of living organisms is not simply 
correlated with the number of proteins that they have. Rather, it is 
becoming increasingly clear that the major source of complexity in 
the organism at the molecular level must be derived from the many 
different interactions that proteins undergo. Protein-protein inter-
actions are critical for practically all cellular, signaling and regu-
latory pathways. The dysfunction of these pathways is the cause of 
many diseases including cancer and neurological diseases. Since 
damages and alterations in protein-protein interactions either cause 
or accelerate human diseases, the control or inhibition of the known 
interactions represents a prime target for drug discovery [1-5].  

 Not only does the complexity of the organisms, but also the 
diversity of biological functions that a protein assumes, depend on 
the molecular interactions that it makes. Each protein selectively 
binds to a number of other proteins, small molecules, lipids or 
nucleic acids. To understand how one protein binds another, the 
first step is the analysis of the pairwise interaction between them [6-
9]. The elucidation of the principles of protein interactions should 
assist in the construction of protein networks, in the prediction of 
multimolecular assemblies, in mapping metabolic pathways and 
ultimately in drug design [10,11]. Although much progress has been 
made, this problem is still far from being solved. There are several 
reasons for this difficulty. Proteins are versatile and flexible. A 
given binding site may bind different ligands with different 
affinities. The affinities of complexes differ dramatically, making 
some interactions abundant in in vitro experiments, while the low 
affinity interactions are underestimated. Protein-protein binding 
sites vary, with different relative contributions of the hydrophobic 
effect versus electrostatic interactions. Moreover, the surface of a 
protein molecule is likely to contain a number of binding sites, only 
some of which are actually known. 

From Pairwise Interactions to Networks: Functional and 
Topological Characteristics of Protein Interactions Networks 

 Yook et al. compared four available databases of the protein 
interaction network of the yeast Saccharomyces cerevisiae, two 
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Y2H system maps and two hand curated databases, MIPS and DIP 
[12]. Consistently, each database supported a scale-free topology 
with hierarchical modularity. This suggests that these features are a 
robust and generic property of the protein-protein interactions 
network. As expected, since the interactions that a protein makes 
relate to its function, Yook et al. also observed strong correlations 
between the functional role and subcellular localization of its 
protein constituents and the network's structure. This indicates that 
functional and/or localization classes may segregate to subnetworks 
of the full protein interaction network. Thus, the pairwise protein 
interaction data allowed uncovering the generic large-scale 
properties of the network and the impact of the function and cellular 
localization of the proteins on the network topology. 

 Below, we first focus on pairwise protein-protein interactions in 
drug discovery. Next, we address the interactions in a network 
approach. Finally, we provide examples of attacks partially hitting 
multiple targets rather than a specific attack against a single target 
[13,14]. Most cellular networks are robust, and even though there is 
disturbance there are no major changes in their outputs. Thus, a 
single target attack might not necessarily have the desired effect, 
since alternate routes might take over.  

2. PROTEIN-PROTEIN INTERACTION CAN BE EITHER 

SPECIFIC OR PROMISCUOUS  

Proteins Interact with other Molecules Through their Interfaces 

 Proteins, most of the time, associate with other proteins to 
assume a wide repertoire of different functions. Protein–protein 
interactions occur at the protein surface and are physical pheno-
mena, governed by the shape, chemical complementarity, and 
flexibility of the molecules involved as well as the environmental 
conditions [15,16]. Consequently, interfaces are the ultimate 
regions where drugs should head. Understanding the details and 
principles of interfaces is of critical importance to develop a better 
strategy in drug design [1,2]. 

 The major forces that contribute to the protein-protein 
interactions are van der Waals, electrostatic and hydrophobic as 
well as hydrogen bonds between the two proteins. All these non-
covalent forces are termed interactions. For two proteins to 
recognize and bind each other in solution, the protein surfaces 
responsible for the binding should have a good shape and charge 
complementarity. The particular region where two protein chains 
come into contact is termed a binding site or an interface (Fig. 1). A 
number of studies have characterized the properties of interfaces 
between proteins with the common goal of understanding how 
proteins interact. 



944    Current Topics in Medicinal Chemistry, 2007, Vol. 7, No. 10 Nussinov et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). An interface between the streptococcal protein G and the Fc 
domain of human IGG (PDB id 1fcc). In general, interfaces have shape 
complementarity. 

 

Structural and Physical Properties of Interfaces Important for 
Drug Design: Hot Spots, Cavities and Wet Interfaces 

 Detecting the binding regions of proteins is extremely important 
for elucidating the functions of complexes or designing inhibitors 
for known specific complexes. When a small molecule binds to a 
protein in a region crucial for the formation of protein-protein 
interactions, it will alter the complementarity between the two 
proteins and thus disrupt the interaction between them. Since 
protein function is inevitably linked to specific binding to other 
proteins, structural information relating to the proteins plays a key 
role in the understanding of drug action and drug design. Thus, 3D 
structures of target proteins are the starting point in many drug 
design projects. If the structure is available, the next step would be 
to find the binding site [17,18]. Inhibiting protein–protein interac-
tions with small molecules has proven particularly difficult due to 
the large surface area size and lack of cavities [19,20] although 
small pockets have been suggested to exist more than expected 
previously [21-23]. Moreover, the extended and hydrophobic nature 
of many interfaces also suggests that drug candidates should also be 
large and hydrophobic. These will make the drug candidate less 
soluble, less selective for a specific target as well as likely to be less 
cell permeable and bio-available [24-26]. However, some residues 
in the interfaces are more critical than others to the stability of the 
complex.  

 A number of years ago, Wells and his colleagues have 
discovered the existence of ‘energy hot spots’, that is, residues that 
contribute significantly (over 2 Kcal/mol) to the binding free 
energy. These residues have been identified through alanine 
scanning mutagenesis [27]. Subsequently, computational methods 
have been developed to predict these residues. In a landmark paper, 
Bogan and Thorn have proposed that hot spots are surrounded by 

what they called ‘O-rings’. These are hydrophobic regions which 
may serve to exclude water from the hot spot residue [28]. 
Combined, binding sites have been described by amino acids that 
interact across the two-chain interface. However, not all amino 
acids contribute to the same extent. Some contribute marginally or 
not at all. On the other hand, a few others dominate the stability of 
the complex. These hot spot residues were observed to correlate 
with structurally conserved residues. Structurally conserved 
residues were further found to differentiate between the binding site 
and the remainder of the protein surface. The presence of some 
conserved residues (Trp, Phe, Met) was observed to practically 
ensure identification of a binding site [29]. It was further proposed 
that these hot spot residues should provide ideal targets for 
structure-based drug design efforts [30].  

 Aromatic residues have a special function in protein-protein 
interactions, because the rings hold the atoms rigidly with a 
minimum entropic penalty, compared to the long side chains of 
aliphatic residues. Hence, such interactions are entropy driven.  

 Interfaces differ in the degree of hydration and in the way that 
water molecules distribute across the surface. It was observed that 
protein-protein complexes and homodimers have about 10 waters 
per 1000 Å2 of interface area, whereas on average in crystal 
packing interfaces the number increases by 50% [31]. Specific 
interfaces tend to be dry; the water molecules form a ring around 
interface atoms. In contrast, the majority of the crystal packing 
contacts are wet, with the water permeating the interface. In 
between the homodimers and the nonspecific crystal packing 
interfaces there is a range of hydration. Interface water molecules 
form hydrogen bonds with the protein groups, particularly with the 
main-chain carbonyl and the charged side-chains of Glu, Asp, and 
Arg. The same interactions are observed in specific and nonspecific 
interfaces, and on the protein surface. Water-mediated polar 
interactions were observed to be as abundant at the interfaces as 
direct protein-protein hydrogen bonds, illustrating their importance 
in recognition and specificity and may contribute to the stability of 
the assembly. 

What Makes a Binding Site a Binding Site? 

 A binding site is usually described as a region that interacts 
with a region on a second protein. The stability of complexed 
proteins is taken to be the sum of the interacting components. To 
estimate the binding free energy, one accounts for hydrogen bonds, 
electrostatic interactions, solvation, the hydrophobic effect and the 
vdW terms. Janin and his colleagues have shown that binding sites 
consist of patches of hydrophobic cores surrounded by more hydro-
philic shells. Yet, this description of a protein-protein binding site 
does not adequately account for all facts. It does not explain what 
makes these few residues hot spots, or why the summation of the 
single residue contributions over- (or, under) estimates the binding 
free energy. Further, it does not explain why, even if the interfaces 
are very large, the maximal stability of protein-protein interaction 
does not exceed a biological functional value. Based on a newly-
derived non-redundant dataset of protein-protein interfaces, we 
have presented data pointing to a new concept of protein-protein 
interfaces: A binding site can be described as consisting of 
unconnected hot regions [7]. Within these regions, the interactions 
are optimized and cooperative. Between them, there is no 
optimization. Overall, the stability of the protein-protein complex is 
largely the sum of the interactions of the hot regions. This concept 
derives from several observations, enumerated below. Among these 
is the finding that the hot spot residues are not homogeneously 
distributed across the interface. Rather, they cluster in the ‘hot 
regions’. Furthermore, previously, we have shown that experi-
mental hot spots correlate with structurally conserved residues. 
Now we find that conserved residues similarly cluster. In addition, 
both the hot spots and the conserved residues are in locally highly 
packed regions. Within a ‘hot region’, the hot spots (which 
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correspond to the conserved residues) form a network of interac-
tions among themselves and with other residues with high 
conservation ratios. Thus, the picture that emerges is that protein 
binding sites consist of hot regions, with the residues within a hot 
region being tightly packed, and consequently likely to be highly 
conserved and to contribute significantly to the free energy of the 
association. This explains why a hot region has a cluster of 
conserved residue hot spots. Since the conserved hot spot residues 
cluster and interact with each other, their contribution is coope-
rative. Tight packing further contributes to screen the solvent, 
enhancing the strength of the electrostatic interactions. In contrast, 
between the hot regions, the packing is not optimal. On average, we 
do not observe hot spots, and similarly, no residue conservation. 
Hence, between the hot regions, there is no cooperativity in the 
residue contribution. This view leads us to a new definition of a 
binding site [7,8]. A binding site is a portion of the surface of a 
protein that consists of locally densely packed ‘hot regions’ which 
tightly complement hot regions on the interacting molecule. In 
particular, this view of a cooperative hot region is attractive since it 
is consistent with the current understanding of cores in protein 
folding. In agreement with the notion that protein folding and 
protein binding are similar processes with similar underlying 
mechanisms, a cooperative ‘hot region’ may resemble a core of a 
domain. The absence of cooperativity between hot regions may 
conceptually be viewed as two stable domains in a multi-domain 
protein. Hence, binding and folding are similar: Cooperativity is 
observed in local tightly interacting regions, and in the protein 
cores. Further, by sheer counting, the number of conserved charged 
residue-couples is underrepresented in binding and in folding. Yet, 
in both interacting across-the-interface hot regions and in protein 
cores electrostatics is enhanced, through solvent screening. We also 
find that hot spots and conserved residues are coupled across the 
protein-protein interface and both are frequently found in 
complemented pockets. There are significant contributions of 
backbone hydrogen bonds in the hot spot and conserved residue 
interactions, further pointing to well packed regions; Analysis of 
the across-the-interface conserved residue couples is particularly 
interesting [32]: conserved charged residue couples are disfavored, 
despite the fact that using electrostatics one can predict well the hot 
spots. Further, the flexible Gly is favorably coupled with aromatics, 
polar and small hydrophobic residues, again pointing to backbone 
H-bonds in the hot regions. Additionally, we find that evolution 
tends to utilize mostly large and bulky (aromatic) residues in 
binding, contributing to packing and networks of interactions.  

 Our observation of the hot spots being clustered in locally 
highly densely packed regions highlights the crucial importance of 
the anatomy of interface organization. Furthermore, it is entirely 
rational: When pre-folded proteins associate, one can not expect 
optimization of the interaction across the interfaces. Local optimal 
interactions with less optimized regions in-between, makes sense. It 
also allows for flexibility in the non-optimized regions, and 
explains the observation that even presumably specific proteins can 
bind a range of ligands, with different shapes, sizes and compo-
sition. Targeting the hot spots (the most critical residues at the 
interfaces) may lead to improved inhibition of the protein-
protein interactions and to designing novel complexes. 
Detecting these residues would dramatically decrease the wide 
range of possible protein–protein binding sites in protein 
surfaces [33,34]. 

 The structural diversity and large number of protein-protein 
interfaces offer an enormous number of new targets to the 
pharmaceutical industry [1]. Yet, the diversity of protein interfaces 
introduces a difficulty in drug design: Even if it is possible to find 
two functionally unrelated proteins that bind in a similar way (i.e. 
with structurally similar interface motifs), they have almost unique 
characteristics [35,36] (Fig. 2). Further, protein interfaces have not  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 b 

Fig. (2). It is possible to find functionally distinct proteins binding to the 
same interface site: a) Streptococcal protein G interacting with the FC 
domain of human IGG (PDB id 1fcc) and b) Rheumatoid Factor Fab 
interacting with FC domain of human IGG (PDB id 1adq). 
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evolved to bind to small drugs. Due to their functions and binding 
site clefts, enzymes provide good targets for small molecules. On 
the other hand, since protein-protein interfaces are quite large, 
finding the best small molecule binding site is not straightforward. 
Initially it was believed that the large surface area involved in the 
protein-protein interface may prevent the inhibition by small 
molecules. However, as detailed above, careful analyses of the 
interfaces revealed that hot spots might give clues to ‘good’ binding 
site location, particularly when the hot spots reside at the bottom of 
concave pockets [37]. On average, protein-protein interaction sites 
occupy a total area of ~1600A2 on the two protein interfaces (800Å 
each) [38]. Roughly 200 atoms are involved in the binding. 
However, there are only a few hot spots at the interfaces, and only 
half of these are directly involved in binding, and one third are 
almost totally buried, and many of these are in complementary 
pockets in the interface. Therefore, an inhibitor of a protein-protein 
interface needs to cover 70-90 atoms belonging to the hot spot 
residues. This would correspond to a drug with a molecular mass of 
500 Daltons, which is manageable to design. 

 Protein-protein complexes are becoming targets for drug 
treatments in oncology. In addition to the traditional cytotoxic 
cancer drugs, such as tubulin inhibitors and DNA damaging agents, 
new drugs are on their way to target new protein complexes, such 
as p53-MDM2, XIAP-Smac and the Bcl-2 family proteins [24].  

 Among the cell adhesion receptors, integrins have emerged as 
major components in the early recognition and binding events 
leading to cell attachment. Inhibitors of integrins based on interface 
peptides have been successful in recent studies [39].  

3. PROTEIN-PROTEIN INTERACTION CAN BE 

CONTROLLED IN DIFFERENT WAYS  

Types of Inhibition for Drug Design 

 The three common types of reversible inhibition in enzymes are 
competitive, uncompetitive and noncompetitive. Competitive 
inhibition is where the substrate and the inhibitor cannot bind to the 
target at the same time. This usually results from the inhibitor 
having an affinity for the active site of an enzyme where the 
substrate also binds. This type of inhibition can therefore be 
overcome by high concentrations of substrate out-competing the 
inhibitor. Competitive inhibitors are often similar in structure to the 
biological substrate. Uncompetitive inhibition is where the inhibitor 
can bind the enzyme at the same time as the substrate but at a 
different site. However, the binding of the inhibitor affects the 
binding of the substrate, and vice versa. The outcome is the 
inactivation of the enzyme. This type of inhibition can be reduced, 
but not overcome by increasing the concentrations of the substrate. 
Although it is possible for inhibitors of this type to bind to the 
active site, this type of inhibition can also be the result of an 
allosteric effect [40]. Here, an inhibitor binds at an allosteric site of 
an enzyme. An allosteric binding site is at a location on the enzyme 
surface separate from the active site that, when a molecule binds to 
it, can alter the enzyme structure. When an inhibitor binds at the 
allosteric site of an enzyme, it changes the conformation or three-
dimensional shape of the enzyme so that the affinity of the substrate 
for the active site is reduced. Non-competitive inhibition is a subset 
of uncompetitive inhibition where the binding of the inhibitor to the 
enzyme is entirely independent of the binding of the substrate (Fig. 
3). 

 Current drug design strategies are based on competitive 
approaches, in which inhibitors are designed and screened to block 
protein targets from establishing their contacts. The major 
disadvantages of these methods are that since macromolecular 
associations involve hydrophobic interactions, some interfaces are 
too large to inhibit by a pharmaceutically acceptable drug (i.e. 
drugs with MW < 5kDa and with hydrophilic delivery properties). 
Targets often belong to families of homologous regulators such as 

kinases, thus it is difficult to inhibit a specific target selectively. 
Further, difficulties stem from the fact that unbound proteins often 
have different conformations than the bound forms, and the 
energetically important hot spots might be buried.  

 Recently, uncompetitive “interfacial inhibition” in which the 
drug takes advantage of transient structural conditions, has been 
suggested [41]. Topoisomerase inhibitors doxorubicin (capranico) 
and CPT (10) are examples of uncompetitive inhibitors. Pommier 
and Cherfils illustrate that interfacial inhibition is an alternative to 
competitive inhibition in drug discovery. This kind of inhibition 
will probably become more important in drug design. Interfacial 
inhibitors that stabilize the macromolecular interactions have some 
advantages over the competitive ones: the drug does not need to 
bind to the actual interface, but at a different site, probably a pocket 
on the surface. The outcome of this drug-protein complex will be 
inactive. 

Types of Protein-Protein Interactions  

 When discussing protein-protein interactions we should keep in 
mind that there are differences between the homodimers and 
heterodimers, transient and permanent complexes. Protein-protein 
complexes include oligomeric proteins, enzyme-inhibitor comp-
lexes, and antibody-protein complexes. Each has different charac-
teristics and thus is targeted selectively by different type of drugs. 
Below we briefly discuss these different types of protein complexes 
and their roles in drug discovery [19]. 

Homo- and Hetero-Oligomeric Complexes  

 Protein-protein interactions occur between identical or non-
identical chains (i.e. homo- or hetero-complexes) [15, 42]. 
Complexes formed by identical or homologous protein units can be 
arranged in an isologous or heterologous way [43] with respect to 
their structural symmetry [44]. In an isologous complex the same 
binding site on both monomers is used to form a dimer, and the 
resulting complex will have a 2-fold symmetry axis. Heterologous 
assemblies use different binding sites on the two proteins. These 
can assemble into long helical filaments. Homodimer interactions 
involve more hydrophobic interactions compared to the hetero-
dimeric interactions, thus the drugs should be designed accordingly.  

Non-Obligate and Obligate Complexes 

 If two proteins of a complex can survive in their native state 
when separated, they form a non-obligate complex. Proteins 
involved in intracellular signaling and antibody-antigen, receptor-
ligand and enzyme-inhibitor complexes are examples of non-
obligate complexes. In contrast, the two proteins of an obligate 
complex are not found as stable structures on their own in vivo. 
These complexes are generally also functionally obligatory.  

Transient and Permanent Complexes 

 Protein-protein complexes can also be classified with respect to 
their lifetimes. In vivo, a permanent complex is usually very stable 
and exists only in its complexed form; on the other hand, a transient 
complex may associate and dissociate depending on the conditions. 
Interactions in intracellular signaling are expected to be transient, 
since their function requires a constant association and dissociation 
leading to a dynamical change. The architecture and residue 
composition of permanent complex interfaces are similar to those of 
the protein cores. In general, the distributions of secondary struc-
tures in the transient interfaces resemble those of the protein sur-
faces; however, they show variability with higher helix propensity 
[45]. 

 Most homodimers are tightly bound obligate complexes, with 
hydrophobic interfaces. On their own, their monomeric protein 
components are normally unstable and are denatured in the 
solution. On the other hand, non-obligate heterodimers form less 
tight complexes and their interfaces are more hydrophilic, often 
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stable in aqueous solutions. Structurally or functionally obligate 
interactions are usually permanent, whereas non-obligate interac-
tions may be transient or permanent. External conditions are 
extremely important in the formation of these complexes; changing 
the pH of a medium, may lead to a permanent complex to become a 
transient one. Most of the time, the monomeric components of 
homodimeric and obligate proteins are not suitable drug targets 
since their cellular concentrations are very low.  

 The formation of permanent protein complexes can sometimes 
be considered as part of the folding process of the constituent 
proteins. Under such circumstances, the final folded complex is 
achieved by the formation of the complex [45]. This complex type 
is less attractive for drug design. The structure and physico 
chemical properties of transient protein interfaces have dual nature. 
Being hydrophobic, they both resemble protein cores and enzyme 
active sites with hydrophilic characteristics. The transient and 
dynamic character of heterodimers may provide targets for small 
molecules interrupting their interactions. Transient heterodimers are 
the constituents of party and date hubs. Since these proteins often 
act as multi-partner hub proteins, targeting heterodimers provide an 
additional advantage, as altering the surfaces of these proteins may 
not only alter one protein-protein interaction interface but many. 
Recently, it has been attractively argued and shown that a partial, 

less optimal targeting of multiple interactions may yield better 
results and be more beneficial for drug design than totally 
destroying the interactions of a given protein [46]. On the other 
hand, homodimer interfaces are flatter and may not have pockets 
into which a drug would fit to form a stable drug-protein complex. 
Heterodimers are more soluble, and with better permeability 
through the cell membrane as compared to homodimers. They 
typically have smaller interfaces which may be easier to disrupt. 

Case Studies for Different Types of Complexes  

 1. G protein-coupled receptors (GPCRs) are membrane proteins 
that serve as very important links through which cellular signal 
transduction mechanisms are activated. Many vital physiological 
events such as sensory perception, immune defense, cell 
communication, chemotaxis, and neurotransmission are mediated 
by GPCRs. Currently they are major targets for drug development 
[46,47]. While the monomeric model of GPCRs was accepted to be 
functional, since the mid-1990s oligomeric states of GPCRs have 
been observed. Soon after the homo-oligomers discovery, it was 
shown that hetero-oligomers also form and are functional. GPCRs 
are expressed on cell membranes and are constructed to recognize 
specific ligands that can range in size from small organic 
molecules, such as dopamine, to much larger ligands, such as 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). The cytokine interleukin-2 (IL2) binds to its receptor (IL2-R) and causes profileration and differentiation of activated cells. The structure of IL2 is a 
four helix bundle and has an amphipathic binding site for its receptor. (a) The small molecule (FRG, molecular formula 2(C26 H30 N4 O3)) is bound at the 
binding region. Binding of FRG inhibits the formation of the IL2-IL2-R complex. This mechanism is an example for competitive inhibition. (b) Guanine 
Nucleotide Exchange factors (GEFs) activate small G proteins by stimulating GDP/GTP exchange. They are the main regulators of cell signaling and thus are 
becoming targets for disrupting signaling networks. Brefeldin A (BFA) inhibits the secretion of Arf which is a small G protein. Subsequently, BFA can control 
membrane traffic at the Golgi apparatus. BFA specifically targets Arf-GEF complexes. Thus binding of BFA to the complex controls the vesicular traffic in 
which nucleotide exchange is stimulated by GEFs that contain a Sec7 domain. BFA does not bind to the Arf-GDP, Sec7 or the high affinity nucleotide-free 
complex but to the low affinity Arf-GDP-Sec7 complex. BFA bind at the interface between Arf-GDP and GEF, and contacts both proteins and stabilizes the 
complex in a transient intermediate structure in which GDP is far away from the catalytic site of GEF and thus inhibits the formation of functional complex. 
This is an example of interfacial inhibition mechanism. 
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peptide hormones. Recent studies have suggested that ligand 
binding can either promote or inhibit the dimer formation [48,49]; 
there are contrary studies concluding that homodimerization and 
heterodimerization are constitutive processes that are not modulated 
by ligand binding [50]. Even prior to the observation that GPCRs 
can form oligomers, dimeric ligands were used to improve drug 
efficacy, although the rationale for their design was unclear [46]. 
These homo- or heterodimeric ligands have different affinities 
based on the length of the linkage connecting the monomers. Since 
dimeric ligands seem to have altered efficacy and potency, there is 
a considerable potential in developing new drugs by linking 
monovalent drugs specific to different GPCRs. Identification of 
receptors that form oligomers and development of new drug 
candidates based on available drugs is an alternate strategy. Drugs 
that can enhance or disrupt GPCR oligomers might also regulate the 
oligomerization-dependent functions. Moreover, since hetero-
oligomers might have functional properties that are distinct from 
their constituent proteins, drugs that selectively induce hetero- over 
homo-olimerization (or vice versa) could work as dramatic 
therapeutic agents. 

 2. Cancer cells need to communicate to proliferate. The "phone 
lines" are turned on when the four HER receptors dimerize, either 
with the same type of receptor (HER2-HER2) or with another 
member of the family (HER2-HER1 or HER2-HER4, for example) 
[51]. It is widely believed that the drug Herceptin can turn off only 
homodimers; at the same time, evidence is growing that the 
heterodimers are also linked to HER2-positive breast cancer. 
Multikinase inhibitors can turn off both homodimers and 
heterodimers. etc. 

 3. HIV-1 RT provides a third example. HIV-1 RT is a 
heterodimer; the larger subunit, p66, is 560-aa in length and 
contains both a polymerase and an RNaseH domain. The smaller 
subunit, p51, contains the first 440 amino acids of p66 that 
correspond closely, but not exactly, to the polymerase domain. 
Only dimeric forms of the enzyme are active. Presumably, the role 
of p51 is primarily structural. P51 seems to provide a scaffold that 
is essential for the ability of p66 to function as either a polymerase 
or an RNaseH. Homodimers p66/p66 and p51/p51, although less 
stable than the p66/p51 heterodimers, have polymerase activity 

(p66/p66 also has RNaseH activity; p51/p51 lacks an RNaseH 
domain [52]; Although p51 has the same polymerase domains as 
p66, the relative orientations of these individual domains differ 
markedly. Structural analysis reveals three major contacts between 
p66 and p51, with most of the interaction surfaces being 
hydrophobic [52,53]. Drugs targeting these dimers could work 
better on the heterodimers. 

Inducer and Inhibitor of Dimerization  

 Most cell signaling pathways are initiated by transient protein-
protein complex formation. Inducers are used to make the complex 
more stable activating the cell signaling pathways. These are 
composed of dimers of ligands interacting with the proteins and a 
linker connecting them. For example, FK1012 is the lipid-soluble 
dimeric form of the drug FK506. FK1012 is used as a 
pharmacological mediator of dimerization to bring together two 
FK506 binding domains that are taken from the endogenous protein 
FKBP-12. Thus, fusion proteins consisting of a cytokine receptor 
signaling domain linked to an FKBP12 domain may be dimerized 
and thereby activated with FK1012. These types of drugs are 
mostly used to induce cell proliferation, transcription and cell 
signaling activation. On the other hand, inhibitors are usually low 
MW chemicals. These can be applied for modification of regulatory 
processes and for prevention of the enzymatic activity. There are 
many synthetic ligands that are designed to inhibit protein-peptide 
interactions, like the vascular endothelial growth factor receptor 
[10], neuropeptide Y receptors and protease activated receptors. 
Design of antibiotics targeting protein-protein interactions might 

also be beneficial: If the antibiotic is designed to bind the active site 
of the enzyme, its activity might be limited due to the high 
structural similarity between the pathogen and host cell enzymes. 
However, there is a greater structural diversity in the protein-
protein binding sites of the same enzyme. Thus, an antibiotic that 
will selectively bind to the pathogen enzymes may have a more 
profound effect [10]. 

4. THE CHALLENGE: CONTROLING MULTIPLE 

PROTEIN-PROTEIN INTERACTIONS  

Drug Design for Protein-Protein Interactions: Competitive and 

Interfacial Inhibition 

 Above, we have rationalized why transient complexes might be 
more potent for drug discovery. On the other hand, homodimers 
and some transient complexes have flatter surfaces which in 
practice may make competitive inhibitor design more difficult. 
Instead, noncompetitive drugs might be designed for such cases. 
Even if cavities are present at these interfaces, they must be 
available for new drug candidates to bind which is not always the 
case. If the two constituent proteins bind to each other very 
strongly, i.e., if the chains are closely packed and shape and charge 
complementarity is high, it might be difficult to design an 
appropriate competitive drug. On the other hand, if the comple-
mentarity is low between the chains, there is a higher chance for an 
inhibitor discovery. A potent inhibitor should mimic the key 
interactions, crucial for achieving favorable interaction energy. If 
the interactions between the inhibitor and the target lead to 
favorable enthalpic interactions, the inhibitor will be preferred over 
the competing constituent protein.  

 The drug camptothecin binds to the interface of topo-
isomerases to stabilize a kinetic intermediate of the DNA cleavage 
enzyme reaction. Brefeldin A stabilizes the protein-protein 
intermediate undergoing conformational changes in the Arf-GDP-
GEF complex. A list of 15 candidate interfacial inhibitors is given 
in Table 1 of Pommier and Cherfils [41]. 

 One approach to design a small molecule is to map the epitope 
of one of the proteins, usually complementary to a pocket if present, 
onto a small peptide or peptidomimetic [39]. Most inhibitors are 
peptides that resemble the dimer interface either in protein-protein 
or protein-peptide complex. This approach has been successfully 
used to design peptides for integrins GpIIbIIIa, avb3 [53,54]. Low 
weight molecules and peptides targeting protein-protein interactions 
will be beneficial in drug design, since the binding energy of the 
proteins is not too high, and the small molecule can effectively 
compete with the large protein subunit. These molecules will be 
especially useful if they are in contact with the hot regions on the 
interfaces. Recently, a new technique has been devised which first 
obtains a single chain antibody against the interaction surface of the 
complex interface; next, this antibody is used as a template to 
design new inhibitors [10]. 

Biological Functions and Multiple Pathways of Protein-Protein 
Interactions: Peptide Designs for Multiple Targeting  

 While recent advances in modulating protein-protein interac-
tions have illuminated promising directions, the challenge of 
designing an inhibitor targeting specific protein-protein interactions 
within the framework of the functional biological network still 
exists. Fig. (4) illustrates four possible pathways through which 
ATM can increase the level of transcriptionally active p53 (Kohn et 
al., 2006). The existence of multiple pathways in networked 
protein-protein interactions allows hub proteins to perform multiple 
functions, and ensures the robustness of the protein-protein 
interaction network. Casting protein-protein interactions into 
Systems Biology offers opportunities and challenges. The 
opportunities reside in the multiple possibilities of modulating a 
specific function through carefully chosen targets with the goal of 
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maximizing drugability. At the same time, the robustness of the 
protein-protein interaction network implies that a biological system 
can often bypass a disturbance. Hence, peptide designs based on hot 
spots in protein-protein interactions may simultaneously offer both 
specificity and multiple-targeting.  

 Designing, and screening for peptide drugs from the natural 
protein repertoire was recently suggested to have the ability to 
cover biodiverse protein folds [55]. At the same time, the presence 
of multiple peptide conformations indicates that it is possible to 
have peptides with several active conformations for different 
targets. Peptide-protein binding is a dynamic process with 
populations in equilibrium, with the shape of the binding site 
influenced by the molecular partner. The concept of populations 
implies that all proteins, specific and nonspecific, exist in 
ensembles of substates. If the populations of the conformations of 
the peptide in solution are large enough, favorably matching ligands 
with altered shapes and sizes can be expected to be present and to 
bind, with a redistribution of the peptide populations, propagating 

the binding reaction [56]. The problem is how to control the 
predominating populations of the designed peptide to match the 
desired targets. Natively disordered protein-protein interactions can 
also be targets for drug design [57]. However, here, we focus on the 
mimics of the multiple-binding abilities of the natively disordered 
proteins to modulate multiple protein-protein interactions, in a 
Systems Biology approach.  

 Currently, there is still no defined computational algorithm that 
can pursue the multiple proteins-targeting strategies. One guideline 
we propose here is a charged peptide rich in Trp, Phe and Met 
residues. The increase in charged residues in a designed peptide can 
provide conformational flexibilities as indicated by the nature of 
natively disordered proteins. The hot spot residues Trp, Phe and 
Met may target the hotspots in protein-protein interactions. 
Computational search of the potential folding space of the designed 
peptide with the goal of matching the target surface of protein-
protein interactions should assist the discovery process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig. (4). Pathways highlighted on a canonical map (MIM): from ATM to p53. Shown are four pathways by which ATM can increase the amount of 
transcriptionally active p53. (a) ATM phosphorylates p53; this phosphorylation blocks the binding of p53 to Mdm2, thereby preventing rapid MdM2-induced 
p53 degradation. (b) Another effect of ATM-induced p53 phosphorylation is to stimulate the binding of p53 to p300 (which probably competes with Mdm2 for 
p53 binding). p300 then acetylates p53, thereby stimulating p53 binding to the promoter and activating transcription. (c) ATM phosphorylates Mdm2, thereby 
blocking p53:Mdm2 binding and p53 degradation, as in a. (d) ATM phosphorylates Chk2 Thr68, thereby simulating Chk2 autophosphorylation of Ser516, 
which activates Chk2. Chk2 can then phosphorylate p53, with consequences similar to a and b. Taken from Kohn et al. (Kohn et al., 2006) by permission. 
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 The above concept is better illustrated by the HIV-fusion 
inhibitor T-20. T-20 is the peptide mimicking a fragment from gp41 
to prevent helix bundle formation in gp41. Initially designed to 
target gp41 only, the T-20 is now known to simultaneously target 
gpP120 as well [58]. As shown in Fig. (5), the amino-acid sequence 
of T-20 (YTS LIHSLIEESQNQQEKNEQELLELDKWASLW 

NWF) has both a hydrophobic region rich in Trp and Phe, and a 
highly polar region. The nice match between the multiple-target 
property, sequence feature, and proven clinical drugability indicate 
the possibility of our proposed approach.  
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