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Development of specific ligands for protein targets that help decode the complexities of protein–protein
interaction networks is a key goal for the field of chemical biology. Despite the emergence of powerful in
silico and experimental high-throughput screening strategies, the discovery of synthetic ligands that
selectively modulate protein–protein interactions remains a challenge for bioorganic and medicinal
chemists. This Perspective discusses emerging principles for the rational design of PPI inhibitors. Funda-
mentally, the approach seeks to adapt nature’s protein recognition principles for the design of suitable
secondary structure mimetics.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction rules nature employs to bring protein partners together (Fig. 1).
Protein–protein interactions (PPIs) are attractive targets for
therapeutic intervention because of their fundamental roles in vital
biological processes including gene expression, cell growth, prolif-
eration, nutrient uptake, morphology, motility, intercellular com-
munication and apoptosis. The past decade has seen emerging
methods to inhibit these complexes, which have traditionally been
termed ‘undruggable’. Although it is early to say if inhibition of
PPIs will become a routine strategy for drug design, preliminary
success in the field provides guidelines for the types of interfaces
that may be amenable to disruption by synthetic compounds.1–4

Pharmaceutical chemists often gravitate toward design of enzyme
inhibitors as drug candidates—enzymes as a class constitute
roughly half of drug targets.5 Enzymes are appealing targets for a
list of reasons: (1) they serve as critical levers for biological func-
tions, (2) nature offers small molecules that may be used as tem-
plates for further manipulation,6 (3) mechanism-based inhibitors
may be rationally designed,7 and (4) enzyme pockets are often
appropriately sized for small molecules.8,9 The largely flat and
pocket-less protein interfaces lack several of these features but
are fascinating both because of basic challenges associated with
molecular design and for the prospect of exploring relatively un-
charted biology for therapeutic intervention.

2. A secondary structure-centric view of protein interfaces

The Protein Data Bank, with roughly 10,000 entries of multipro-
tein complexes, provides a treasure of illustrations to unravel the
One approach for the design of synthetic inhibitors is based on
mimicry of protein subdomains to interfere with these complex
formations.4,10–13 A second successful method utilizes computa-
tional and experimental high-throughput and fragment-based
screening strategies to locate small molecule fragments that stick
to protein surfaces.14–19 Strategies that afford scaffolds for PPIs
based on natural products and natural product like molecules,20

peptide macrocycles21 and phage display-based miniproteins22–24

have also led to significant success. Although, PPIs cover large sur-
face areas, often, a small subset of residues (termed ‘hot spot resi-
dues’) contributes significantly to the binding free energy.25–28 An
analysis of PPIs, which have been successfully inhibited by small
molecules, suggests that a category of PPIs contains features that
approximate enzyme active sites, that is, they contain an array of
hot spot residues clustered within relatively small radii.27–29 With
this viewpoint, we and others have assessed the dataset in the
PDB30 to identify the subset of PPIs that can be potential targets
for small molecules, and those that would require larger mole-
cules.4,31–34 Several computational strategies to define pockets on
protein–protein interfaces for drug design have been out-
lined.4,35–39 Our approach has centered on the role of secondary
structures in mediating protein–protein interactions.40 A key
advantage of the protein secondary structure mimetic strategy is
that the array of side chain residues along a conformationally de-
fined backbone facilitates molecular design. A second advantage
is that direct mimics of protein secondary structures provide med-
ium-sized molecules, which may potentially target the chosen pro-
tein with high affinity and specificity.

A basic challenge associated with this secondary structure-
centric approach involves dissection of the energetic contribution
of the specific secondary structure to the protein–protein complex.
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Figure 1. Protein–protein interactions are often mediated by secondary structures:
(a) a-helical and (b) b-sheet interfaces from barnase_barstar (PDB code: 1BGS) and
Raf-Rap (PDB code: 1GUA), respectively.
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Three related questions include: (1) what is the minimum propor-
tion of the free energy of binding that must reside on the secondary
structure for its mimetic to retain inhibitory activity? (2) Are there
interfaces that are naturally more suited for small mimics of target
protein secondary structures and those that would require larger
mimics? (3) How small can the mimetic be made to procure the
‘drug like’ properties linked to small molecules while retaining
specificity associated with larger molecules? We have undertaken
computational efforts to probe these questions and have begun to
experimentally evaluate hypotheses emerging from these studies.

Our initial analysis has focused on PPIs that feature helices at
interfaces, although the approach can be extended to other motifs.
Targeting of a-helical interfaces offers several basic advantages:
a-helices constitute the largest class of protein secondary struc-
tures—roughly 60% of protein–protein interactions in the current
PDB contain helices at interfaces.31 And, helices are often easier
to mimic than other secondary structures such as b-strands, which
tend to aggregate; although, there has been significant progress in
the design of b-strand mimics.41–48 Importantly, stable mimics of
interfacial helices have been shown to be useful as potential leads
for drug design.11,49–55

In this Perspective, we discuss structural attributes of PPIs that
our group uses to initiate design of either small molecule helix
mimetics56–60 or stabilized peptide helices.10,13,61–63 Some inter-
faces may be targeted by either strategy. Stabilized peptide helices
utilize constraints to order the peptide backbone while small mole-
cule or nonpeptidic helix mimetics array the critical peptide side
Figure 2. Helical interfaces can be divided between those that feature clefts for binding
pockets in that a high density of important contacts is concentrated in a small region. The
dependent kinase6/D-type viral cyclin (PDB code: 1G3N) complexes are representative
chain functional groups on a synthetic scaffold.13 On the basis of spa-
tial arrangement of hotspot residues at the interface, revealed by
alanine scanning mutagenesis data,64,65 we classified PPIs as binding
clefts or extended interfaces (Fig. 2).31 Receptors with clefts are tar-
geted by helices with two or more hot spot residues within a 7 Å ra-
dius, while the extended interfaces category features a distribution
of hot spot residues over a larger distance of 7–30 Å. Camacho and
coworkers recently suggested that a combination of computed
change in solvent accessible surface areas (DSASA) and energy
scores may be a better gauge of hot spot residues than alanine scans
alone.33 For alanine mutagenesis scans, the DDG value refers to the
change in free energy when a residue is mutated to alanine, thus a
positive value indicates that mutation to alanine decreases the affin-
ity of PPI and wild type residue contributes to binding. For interfacial
residues, the DSASA of a residue is calculated by subtracting the
SASA of the residue in the PPI complex from the SASA of the individ-
ual residue without any partner protein chains, and a positive value
indicates that the residue is buried in the PPI complex and less acces-
sible to solvent. Rosetta29,65 and PocketQuery66 offer easily accessi-
ble resources for such computational analyses.

We hypothesized that a single turn of the a-helix approximates
the distance traversed by typical small drug candidates,39 that is,
Lipinski’s ‘rules of five’ compliant molecules.67,68 Indeed, the clas-
sical small molecule inhibitors of PPIs—notably the nutlin family
compounds developed by Roche to target the p53/Hdm2 com-
plex—are mimics of residues that span one helical turn.69,70 The
high density of hot spot residues in binding clefts evoke array of
functionality in enzymatic pockets. Based on this analysis, we pos-
tulate that binding clefts may be targetable by small molecule or
nonpeptidic helix mimetics; however, extended interfaces that fea-
ture hot spot residues spanning a much larger number of helical
turns will likely require medium to large sized molecules such as
stabilized peptide helices for specific inhibition.31 Although, these
larger inhibitors will not fit the mold of canonical ‘drug-like’ mol-
ecules, emerging evidence suggests that macrocycles and other
discretely folded molecules may translocate to target intracellular
interactions.71–73

We further classified interfacial interactions as potentially capa-
ble of leading to ‘high affinity’ inhibitors if the average experimen-
tal/computed DDGavg for alanine mutagenesis of 2–4 hot spot
and those with extended interfaces. The cleft interfaces may be compared to enzyme
Gleevek/tyrosine kinase (PDB code: 1XBB), p53/MDM2 (PDB code: 1YCR) and cyclin-
examples of enzyme pockets, binding cleft and extended interfaces, respectively.



Table 1
Classification of helical protein interfaces

Types of PPIs PDB code,
helix sequence

Arrangement of
hot spot residues
on the target helix

DDGa

(kcal/mol)
DSASAb Known inhibitors Protein names

Function

Interfaces with binding clefts

i 3.8 131.1
1. Small
molecules70,77

MDM2 (gray):
coactivator.

1YCR i + 4 4.4 136.7 2. Helix
mimetics59,60,80,101–

105

p53 (green):
transcriptional
activator.

19FSDLWKLLPE28 i + 7 2.0 73.4 Function:Apoptotic
signaling, cell-cycle
arrest.

(Avg) (3.4) (113.7)
i 4.2 168.3 1. Linear peptide106 Gia1 (gray): Guanine

nucleotide-binding

1Y3A i + 3 3.3 93.9
protein alpha-1
subunit

5WYDFLM10 i + 4 1.8 83.8 2. Cyclic peptides107 KB752 (green): peptide
(Avg) (3.1) (115.3) Function: Signaling

protein
i 2.7 102.2

1BXL i + 3 2.2 87.3
1. Small
molecules82,108–110 BCL-XL (gray):

578LAIIGDDI585 i + 7 1.2 79.3 2. Helix
mimetics50,111–113

BAK peptide (green):

(Avg) (2.0) (89.6) Function: apoptosis
i 2.9 122.1 CDK2(gray): cyclin

dependent kinase-2

1JSU i + 1 4.9 116.8
1. Small
molecules114,115 P27(KIP1): kinase

85PEFYYR90 i + 3 1.1 64.6 inhibitor (blue, helix in
green)

(Avg) (3.0) (101.2) Function: Enzyme
Kinase

i 2.8 160.69

(continued on next page)

M. Raj et al. / Bioorg. Med. Chem. 21 (2013) 4051–4057 4053



Table 1 (continued)

Types of PPIs PDB code,
helix sequence

Arrangement of
hot spot residues
on the target helix

DDGa

(kcal/mol)
DSASAb Known inhibitors Protein names

Function

Extended helical interfaces

1AIK i + 3 1.92 124.62
1. Small
molecules116,117

HR1 (gray): N-terminal
heptad repeat of HIV-1
GP41

628WMEWDREINNYTSLI642 i + 10 2.01 77.32 2.
Linear

peptide91 and helix
mimetics53,55,91–94

HR2 (green): C-
terminal heptad repeat
of HIV-1 GP-41

i + 14 1.76 92.59 Function: glycoprotein
(Avg) (2.12) (113.8) Ca2+-CaM (gray):

calmodulin

3BXK i 1.9 130.49

1961IYAAMMIMEYYRQS1974 i + 1 1.6 105.38
i + 4 1.0 104.8 Cav 2.1 IQ (green):

voltage gated calcium
channels-Isoleucine-
glutamine

i + 6 3.1 111.97 No known inhibitors
i + 10 2.7 103.28
i + 11 2.0 107.88 Function: Signaling

protein
(Avg) (2.05) (110.6)

1NVW i 1.64 43.73
1. Small
molecule99,100

Ras (gray): guanine
nucleotide binding
protein

930FGIYLTNILKTEEGN944 i + 6 1.11 57.75 Sos (blue, helix in
green): Ras-specific
guanine

i + 13 1.10 57.98 nucleotide exchange
factor

i + 15 2.35 67.70 2. Helix mimetics52 Function: signaling
protein

(Avg) (1.55) (56.79)
w

1K90 i 0.71 78.71

82EEEIREAFRVFDK94 i + 3 1.99 90.67 No known inhibitors EF(gray): Edema factor
i + 6 1.84 105.7
i + 7 1.26 81.14 Calmodulin (blue, helix

in green):
i + 10 1.53 64.99 Function: Anthrax

Toxin
(Avg) (1.47) (84.24)

a Calculated using computational alanine scanning suite of Rosetta.65

b Obtained from PocketQuery.33,66 Numbers in parentheses refer to average of DDG or DSASA values for hot spot residues.
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residues is P2 kcal/mol. These empirically derived values emerge
from the analysis of known small molecule inhibitors of PPIs, as de-
scribed previously.31 We predict that if the DDG for alanine substi-
tution of wild-type hot spot residues is <<2 kcal/mol, inhibitors
based on wild-type sequence may bind the target protein with a
low affinity (i.e., with dissociation constants in the micromolar
range). However, this analysis only considers natural interactions
and wild-type residues; use of non-natural residues may provide
higher affinity leads. Furthermore, these predictions are based on
high-resolution structures of multi-protein complexes and do not
account for protein dynamics. Nevertheless, use of these rubrics
has provided a starting point for the rational design of new classes
of protein–protein interaction inhibitors.52,74 Below, we discuss
specific examples of protein complexes where the secondary struc-
ture-centric approach has been or could be applied to discover
inhibitors.

3. Classification of helical protein interfaces

3.1. Binding clefts

This category of PPIs contains a cleft for helical residues, that we
predict are candidates for high throughput screening efforts with
small molecule libraries;38,75 medium-sized molecules such as sta-
bilized peptide helices may also effectively modulate these interac-
tions. Several members in this class of PPIs have been successfully
targeted.3,19 The reason for this success could be due to the fact
that the physical attributes shared by members of this class are
reminiscent of traditional enzyme targets.

The interaction of the p53 activation domain with MDM2 is
perhaps the most successfully targeted protein–protein interac-
tion.76–80 A number of inhibitors are currently in clinical trials as
potential cancer therapeutics.76 The p53 AD adopts a helical
conformation to target MDM2 with three hydrophobic hot spot
Figure 3. (a) Positioning of side-chain residues on a canonical a-helix. (b–d) Examples of
Yersinia pestis YopN/TyeA complex, PDB code 1XL3; (c) ligand-binding domain (LBD) of th
factor/anti-sigma RseA complex, PDB code 1OR7.
residues on successive helical turns.69 Successful synthetic analogs
mimic two or all three of these residues.70,77 The three hot spots lie
close in space to each other with very large average alanine muta-
genesis, DDGavg �3.5 kcal/mol, and DSASA values (Table 1). The
interactions of Bcl-2 family anti-apoptotic proteins with the pro-
apoptotic BH3 domains81 provide alanine scan and DSASA values
of similarly high magnitude have also been successfully targeted
with small molecules82–84 and stabilized helices.50,85 Realization
of potent inhibitors for these interactions suggests that complexes
that feature a similar density of hot spot may also be targeted
effectively. A full set of such complexes has been reported.31 Table 1
lists a few examples, with DDG and DSASA values and relative
positioning of hot spots, that fit our rubric for cleft interfaces.

3.2. Extended helical interfaces

Protein–protein interactions that involve discontinuous interac-
tion surfaces with hot spot residues distributed over large contact
areas are classified in this category. These PPIs are especially chal-
lenging for small molecule inhibitors but may be amenable to dis-
ruption by larger molecules such as stabilized helices and peptide
foldamers. A full list of extended helical interfaces in the PDB has
also been reported and select examples are shown in Table 1.31

The entry of HIV-1 into host cells requires formation of a coiled-
coil bundle consisting of gp41 N-terminal and C-terminal heli-
ces.86–89 Design of small molecules that target this interaction with
high affinity and specificity has been challenging;90 however, po-
tent inhibitors derived from peptide and b-peptide foldamers have
been reported,53,55,91–94 in keeping with the broad distribution of
hot spot residues at this interface.95 Similarly, attempts to target
the interaction of Ras and SOS with small molecules had been lar-
gely unsuccessful because two key residues on a Sos helix that
contacts Ras are located four helical turns away from each
other.96,97 A stabilized helix that spans this length and
protein complexes with hot spot residues on one face, two faces, and three faces. (b)
e retinoid X receptor/coactivator complex (PDB code 1XIU); (d) Escherichia coli sigma
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encompasses key hot spot residues was recently developed as the
first direct inhibitor of this complex formation,52 and regulator of
the Ras signaling pathway.98 Recent efforts in fragment screening
suggest that small molecules that target an allosteric site on Ras
may be designed to modulate activity of this therapeutically
important target.99,100

4. Array of hot spots on interfacial a-helices

Based on the relative density of hot spots, the helical interfaces
may be classified as cleft or extended as discussed above, allowing
judicious design of inhibitors or screening strategies. As a next
step, rational design of general classes of helix mimics as inhibitors
requires mimicry of hot spot positioning on different helical faces.
Examination of 480 interfacial helices with high alanine mutagen-
esis values, that is, DDGavg P2 kcal/mol, provides an indication of
the distribution of hot spots on interfacial helices.32 Roughly 60% of
helical interfaces in this dataset feature helices with hot spot resi-
dues on one face of the helix, a third of the complexes utilize heli-
ces with hot spots on two faces and roughly 10% require all three
faces for interaction with the target protein partner.32 Examples
of protein complexes with hot spot residues on one face, two faces
and three faces are shown in Figure 3.

Several different synthetic strategies for helix mimicry have
been reported.10,11,13 These include design of non-peptidic helix
mimetics, constrained helices and foldamers that display protein-
like functionality. Each of these strategies offers different advanta-
ges. The small molecules potentially excel at bioavailability, while
the larger molecules offer additional contacts for enhanced speci-
ficity. Helical peptides and foldamers also provide ready access to
scaffolds capable of displaying multiple hot spots on all three
faces.32 We hypothesize that interfaces that contain a cluster of
hot spot residues on the same face of the helix are well suited
for small molecules. There are >200 such complexes in the current
PDB, providing an attractive opportunity for design of new
therapeutics.

5. Conclusions

Mimicry of protein secondary structures has been a long-
standing goal of bioorganic and medicinal chemists. Evaluation of
protein complexes suggests that interfaces where the hot spot
functionality is localized on secondary structures may be inhibited
through rational design of peptidic and nonpeptidic scaffolds that
feature key functional groups in the desired conformation. We
have undertaken a comprehensive study to locate every helical
protein–protein interaction in the Protein Data Bank. Computa-
tional analysis of these complexes allows prediction of interfaces
that may be inhibited by small molecules because the hot spot res-
idues are clustered in a small region or by larger molecules because
the hot spots are distributed over a bigger area. We expect similar
studies to facilitate future design of PPI inhibitors as new classes of
therapeutics.
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