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Abstract

In this study, we assess on a large scale the possibility of deriving self-inhibitory peptides from
protein domains with globular architectures. Such inhibitory peptides would inhibit interactions of
their origin domain by mimicking its mode of binding to cognate partners, and could serve as
promising leads for rational design of inhibitory drugs. For our large-scale analysis, we analyzed
short linear segments that were cut out of protein interfaces in-silico in complex structures of
protein-protein docking Benchmark 3.0 and CAPRI targets from rounds 1-19. Our results suggest
that more than 50% of these globular interactions are dominated by one short linear segment at the
domain interface, which provides more than half of the original interaction energy. Importantly, in
many cases the derived peptides show strong energetic preference for their original binding mode
independently of the context of their original domain, as we demonstrate by extensive
computational peptide docking experiments. As an in-depth case study, we computationally design
a candidate peptide to inhibit the EphB4-EphrinB2 interaction based on a short peptide derived
from the G-H loop in EphrinB2. Altogether, we provide an elaborate framework for the in-silico
selection of candidate inhibitory molecules for protein-protein interactions. Such candidate
molecules can be readily subjected to wet-lab experiments and provide highly promising starting
points for subsequent drug design.
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Introduction

Protein-protein interactions (PPIs) mediate and regulate a majority of cellular processes.
Due to their central role, these interactions have been the subject of intensive research,
providing attractive targets for the inhibition and manipulation of specific pathways. Two

2 Corresponding Author: Ora Schueler-Furman, oraf@ekmd.huji.ac.il, Mail: Department of Microbiology and Molecular Genetics,
Institute for Medical Research Israel-Canada, Hadassah Medical School, The Hebrew University, POB 12272, Jerusalem 91120 Israel,
Tel: 972-2-675-7094, Fax: 972-2-675-7308.

1Equal Contribution



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

London et al.

Page 2

modes of interaction are particularly prevalent, namely interactions between two globular
domains and interactions between a globular domain and a flexible linear peptidel.

Peptide-protein interactions have been acknowledged as key mediators of PPIs,
predominantly in signaling and regulatory networksl. Whereas in globular PPIs the two
domains are structured prior to binding, these interactions are characterized by a short
flexible peptide that binds to a globular protein receptor, often folding only upon binding1:2.
Such peptides may bind independently, or as linear motifs within larger intrinsically
disordered domains3. Only recently has sufficient amount of structural data become
available to conduct large-scale analyses of peptide-protein interactions4:5 and
computational approaches for the modeling of these interactions have emerged (e.g., 679;
reviewed in 10:11).

In this study, we examine on a large scale the possibility of deriving inhibitory peptides from
globular domains as a general mechanism to inhibit their cognate interactions. Such peptides
could serve as promising leads for the rational design of inhibitory drugs. There are several
advantages in targeting drugs at protein-protein interfaces rather than at enzyme active sites
- most importantly, blocking these interactions provides a way to modulate signaling activity
without harming the intrinsic catalytic activity of the targets12. However, designing small
molecule inhibitors of protein—protein interactions is considered difficult, due to challenges
such as the size of protein-protein interfaces (PPIs are large13:14), as well as the lack of
well-defined binding pockets (PPIs are relatively flat15). Nevertheless, recent years have
seen important progress and several success stories in this field16. The use of peptides as
leads for the inhibition of protein-protein interactions has recently gained substantial
interest, and inhibitory peptides have been designed for several important therapeutics
targets17-20. Some of these therapeutic peptides are no other than linear stretches of amino-
acids derived from one of the cognate globular partners in the interactions (e.g. Angiotensin
Il receptor antagonists mimicking the Angiotensinogen terminus21, and glycoprotein I1b/
I11a receptor blockers mimicking Integrin motifs22). These derived peptides might originate
from loops within globular domains, from disordered regions at inter-domain linkers or from
protein termini.

While it seems only natural to derive inhibitory peptides from linear motifs within
intrinsically disordered regions, deriving peptides from interfaces of globular proteins is
possibly more complicated. First, the interface architecture is often formed by several
binding modules which are brought together by the tertiary topology of the globular
domain23-24. Therefore, it cannot be taken for granted that any single linear segment
derived from a globular protein would be able to mimic the binding mode of the origin
domain. Moreover, the large size and flat surface13°15 of most globular interfaces may
hamper competitive binding by derived inhibitory peptides. On the other hand, protein
binding is often mediated by a small number of residues, usually termed “hotspots”, which
make the major contribution to binding at the interface25. Therefore, designing inhibitory
peptides to target “hotspot” residues might be feasible nevertheless. The derived peptides are
more likely to be specific to their target (relative to small molecules taken from molecular
screening), since they were derived from the native interface. In addition, the smaller size of
the peptide compared to the protein confers advantage in competitive binding thanks to
increased effective peptide concentration at the interface, resulting in increased effective
affinity16. Peptides derived from native protein sequences were able to inhibit interactions
of their origin domain in several examples, including MDM2-p5326, Bcl-x, —Bak27 and
MD2-TLR428.

To what extent then could peptides extracted from a globular protein monomer be used to
inhibit the interaction to its partner? In order to effectively compete with their origin
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domains for native interactions, the derived peptides are expected to bind their target with
comparable (or increased) affinities, while utilizing a similar binding mode. In this work, we
first screened for high-affinity linear segments on interfaces of globular proteins (using the
Rosetta modeling framework29), which could be used to derive candidate inhibitory
peptides. Subsequently, we used peptide docking experiments and energy funnel analysis,
using our recently developed protocol for flexible peptide docking (FlexPepDock®6), to
assess the binding of these peptides to the same binding site independently of the context of
their original domain. The results suggest that most of the peptides will indeed adopt a
similar structure even when cut out of their protein context. We conclude with an in-depth
case study, where we use our methodology to extract and design a cyclic inhibitory peptide
for the EphB4-EphrinB2 interaction, which is involved in pathological forms of
angiogenesis and in tumorigenesis30. Altogether, we present here an elaborate framework
for in-silico selection of candidate inhibitory molecules for a multitude of protein
interactions, which can in turn be readily subjected to wet-lab experiments and subsequent
lead optimization.

Interactions between globular proteins are often dominated by a single high-affinity linear
peptide segment

As a first step, we examine a large dataset of protein interactions for the prevalence of high-
affinity linear peptide segments on globular protein domains that participate in the protein-
protein interface. Such peptides would have the potential to compete with their origin
domains for the same interactions. Our dataset comprises 27 docking targets from the
CAPRI competition rounds 1-1931 (Supp. Table S1), and 124 interactions from the non-
redundant docking Benchmark 3.032 (Supp. Table S2; partially overlapping with the CAPRI
set). We have created a computational tool that extracts all possible linear peptide segments
from the interface of each domain, and evaluates the binding energy of each derived peptide
to the other domain, using the Rosetta energy function29 (see Methods). For each interaction
in the Benchmark 3.0 dataset and the CAPRI targets from rounds 1-19, we apply this tool to
identify a low-energy linear segment, namely the decamer* linear peptide segment with the
lowest absolute interaction energy estimate (see Methods). For comparison, we also estimate
the energy of the original interaction between the two globular domains.

Figure 1A shows the distribution of the relative binding energy of these low-energy linear
segment peptides (i.e. the percentage of the interaction binding energy of the decamer,
relative to the globular protein-protein interaction binding energy). In 57% of the protein
complex structures in Benchmark 3.0, and in 63% of the CAPRI set, a single peptide derived
from a linear segment at the interface was estimated to contribute over half of the interaction
energy of the entire complex (Average contributions of these high affinity segments (>50%)
were 70%+14% and 60%+9% in Benchmark 3.0 and CAPRI, respectively). Figures 1C and
1D illustrate different types of peptide mediated interactions: In Figure 1C, the interaction is
mediated by one single linear segment from EphrinB2 that binds to its partner EphB4 with
65% of the total interaction energy (-19.5 Rosetta energy units; REU; pdb: 2HLE30). In
contrast, in Figure 1D no single linear segment contributes the majority of the binding
energy (the best decamer peptide binds with 43% of the total interaction energy: -8.5 REU;
pdb: 1T6B33).

*, . . . . .
We report here the analysis of peptides of length tenin order to be able to capture a-helices at the interface. Note however, that we
repeated this analysis for peptides with varying lengths (5-10) with similar results (data not shown).

Proteins. Author manuscript; available in PMC 2011 November 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

London et al.

Page 4

Absolute binding energies of derived peptides are comparable with native
peptide interactions—A plot of the absolute values of interaction energies (see Methods)
indicates that a significant fraction of the peptides derived from linear segments with the
highest affinity (both from Benchmark 3.0 and the CAPRI dataset) contribute more than -10,
and in some cases even more than -15 REU. Such values overlap with interaction energies
typically calculated for native peptide-protein interactions in the peptiDB dataset4 (Figure
1B). In general, this suggests that in many cases the use of a single linear segment extracted
from one of the protein partners is a good strategy to obtain binding peptides, which in turn
can provide starting points for the design of high affinity competitive inhibitors of globular
PPls. Supp. Tables S1 and S2 list the highest affinity decamers at the interface and their
predicted contribution to binding for each of the complexes in the CAPRI and Docking
Benchmark 3.0 datasets.

Secondary structure preferences of derived peptides—Analysis of the secondary
structures content of high-affinity linear segments from Benchmark 3.0 reveals that 76% of
the peptides display no defined secondary structure (coil; see Supp. Figure S1A), 20% form
an a-helix, and only 4% complement a B-sheet. This under-representation of B-sheets (as
compared to 18% in native peptide-mediated interactions from peptiDB4) might be
explained by the geometric constraints enforced by the globular fold of the parent protein.
The relative energy contribution to the interface for peptides assuming different secondary
structures is similar (Supp. Figure S1B).

High-affinity linear segments are prevalent in different classes of protein
interactions—Figure 2A shows the distribution of relative binding energies for the
highest-affinity linear segment in the different sub-classes of Benchmark 3.0 (Enzyme-
Inhibitor - El, Antibody-Antigen, and Others). The results indicate that for all classes of
interactions, a substantial fraction of complexes obtain the majority of their binding energy
by a single linear segment at their interface. The subset of enzyme inhibitors that comprises
Trypsin- and Subtilisin—inhibitor complexes (El-protease; accounting for 35% of the EI
class) have a remarkably high tendency to utilize such linear segments for both Benchmark
3.0 (Figure 2A) and CAPRI targets (data not shown), contributing most of the peptides that
bind with more than -25 units in absolute energy terms. Examples for additional cases where
a derived peptide covers most of the interaction with a predicted strong binding affinity
include (1) The interaction between HemK and Release Factor 1: a decamer in RF1,
AGGQHVNTTD, provides an estimated binding energy of -21.8 REU, which amounts to
47% of the total estimated binding energy of this interaction (Capri Target 20; pdb:
2BT334), and (2) The interaction between UCL-H3 deubiquitinase and ubiquitin: a decamer
in ubiquitin, (TLHLVLRLRG), provides an estimated binding energy of -26.6 REU, which
amounts to 59% of the total estimated binding energy (pdb: 1xD335).

Preferred location of highest-affinity linear segments in Antibody-Antigen and
Enzyme-Inhibitor interactions—In 80% of the Antibody-Antigen and Enzyme-Inhibitor
complexes, the linear peptide segment with the predicted highest binding affinity is
preferentially located on one particular side of the protein complex, namely on the antigen
and inhibitor, respectively (Figure 2B). Only in 20% of the complexes it is derived from the
antibody or the enzyme. For Antibody-Antigen complexes, this finding may sound obvious
considering that antibodies use three complementarity determining region (CDR) loops to
bind the antigen with high affinity and specificity. The antigen in turn can provide various
forms of linear structural epitopes that are recognized by antibodies, although interestingly,
we could identify dominant linear peptides in several non-continuous epitopes. As for
Proteases, these proteins have been designed and selected for binding a protein stretch and to
cut a peptide bond. It is therefore but natural that inhibitors would use the same strategy of
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binding as the protein substrate would. No such asymmetric tendencies are observed among
the remaining complexes in the ‘Other’ class (Figure 2B).

Peptide docking experiments: do derived peptides favor their native binding
conformation?

In the previous section, we have demonstrated that many protein interactions are dominated
by a linear peptide segment, and suggested that such a peptide provides a good starting point
for deriving potential inhibitory peptides. However, it is not clear whether such peptides
would still assume their original binding mode after being cut out of their origin domain.
Namely, inhibitory peptides are expected to lie in the minimum of an energy funnel in their
original binding pockets.

We have recently developed Rosetta FlexPepDock6, a high-resolution peptide modeling
protocol that is designed to dock peptides to their receptor with full peptide backbone
flexibility and side-chain modeling, starting from an initial description of the complex. We
used our modeling protocol to aggressively sample the energy landscape of the derived
peptide around the original binding pocket (see Methods). For each derived peptide, we
created 9,000 models of its complex with the cognate target of its origin domain. The
different models cover a wide range of peptide conformations around the original binding
pocket, deviating up to well over 15A backbone RMSD from the original native structure
(Figure 3A). Due to the intensive nature of this test, we have restricted this analysis to 29
peptides derived from the 27 CAPRI interactions. We assume however, that the results are
representative, since distribution of the binding energy values of derived peptides are very
similar for the CAPRI targets and Benchmark 3.0.

Figure 3B illustrates the energy landscape of a representative peptide derived from CAPRI
target 20, describing a distinct funnel with a near-native energy well (additional energy
funnels are shown in Supp. Figure S2). Overall, in most of the interactions (21 out of 29;
72%), a near-native conformation (below 2A backbone-RMSD over peptide interface
residues) was found among the 10 top-scoring models (Figure 3D). In 35% of the
interactions, a near-native conformation was even obtained by the top-scoring model (see
also Supp. Figure S3).

In an additional experiment, we performed docking simulations starting from the peptide
conformation in the free monomer, for all complexes in docking Benchmark 3.0 (see
Methods). In 76% of these protein interactions, we were able to identify a near-native
peptide conformation (<2A interface backbone-RMSD). This is not surprising, considering
that 71% of Benchmark 3.0 is classified as “rigid-body docking”, indicating that no major
backbone conformational changes occur in the protein monomers upon binding32 (Supp.
Figure S4A). However, even in some difficult cases, where the structure of the derived
peptide changes significantly between the unbound and the bound conformations, lowest-
energy models in the docking simulation were near the native bound conformation
(representative results are shown in Figure 3C and Supp. Figures S4B-C). Our docking
experiments thus indicate that for many protein interactions, derived peptides have the
potential to compete with the domain from which they originated by competing for the same
binding mode.

Case study — design of a cyclic inhibitory peptide of the EphB4-EphrinB2 interaction

As a proof-of concept of our strategy, we chose to use our proposed strategy to design an
inhibitor for the EphB4-EphrinB2 interaction. We first derived a linear peptide with
predicted strong binding ability to the partner from the interface, and then proceeded
towards the design of a high-affinity binding inhibitory peptide of potential therapeutic
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value using two different strategies, namely the design of a peptide sequence with improved
binding affinity, and the cyclization of the peptide to improve its stability.

The interaction of the EphB4 receptor tyrosine kinase with its preferred ligand, EphrinB2, is
implicated in pathological forms of angiogenesis, as well as in tumorigenesis30. Stimulation
of EphrinB2 signaling by EphB4 was shown to promote tumor growth in vivo36, and EphB4
expression is up-regulated in several types of cancer37:38. Furthermore, disruption of this
interaction (e.g. by the soluble EphB4 ligand binding domain) inhibits tumor growth in
murine tumor xenograft models39. Accumulating data thus suggests that this interaction is a
prime drug target candidate.

We analyzed the solved structure of the EphB4-EphrinB2 complex (pdb: 2HLE30) using our
protocol to screen its interface for highest-affinity linear segments. We were indeed able to
spot a dominant decamer in the G-H loop of EphrinB239 (Figure 1C). Manual inspection of
the complex structure and the network of interactions at the interface (Supp. Figure S5)
revealed that this identified decamer peptide in the G-H loop can be extended to a longer,
13-residue peptide that contributes 70% of the total interaction energy (residues 116-128 of
EphrinB2; -20.9 REU; see Figure 4A). We next used our FlexPepDock peptide docking
protocol6 to simulate the binding mode of the derived peptide to EphB4 and to sample the
energy landscape around the binding pocket (along the lines described above; see Methods).
Indeed, a steep energy funnel leads the derived peptide towards the original bound
conformation of the G-H loop in its original context (Supp. Figure S6). Altogether, our
protocol suggests the peptide derived from residues 116-128 of EphrinB2 as a good
candidate for the inhibition of the EphB4-EphrinB2 interaction. We now show on this
example case, how a derived peptides can be used as lead for designing more efficient
inhibitors.

a) Design of optimally binding sequence—Backbone flexibility has been
demonstrated to improve the performance of computational sequence design40. We
therefore used a set of backbone conformations produced by the peptide docking runs as
starting points to design peptides with increased affinity towards EphB4 (see Methods).
Three possible mutations were selected by combination of lowest scoring models and
manual inspection: Q3R, F5H and L9K in the peptide ranging from 116-128 in EphrinB2
(see Figure 4B). According to our model, the Q3R mutation positions the new Arginine
residue between the EphB4 residues Glu43 and Glu59. The F5H mutation might stabilize
the interaction with the carboxy-terminal Glul3 residue of the peptide, while maintaining
existing contacts with EphB4 Pro151. Finally, the LOK mutation keeps the hydrophobic
interactions of the Leucine residue, but in addition adds a charge that points into the solvent,
thereby improving the solvation energy of the peptide in its bound form, as well as possibly
its cell penetration properties. As these mutations are spatially distinct, they can potentially
be combined to achieve even higher binding affinity. Our docking experiments indicated
that indeed a steep energy funnel leads the mutated peptide towards the native binding mode
(Figure 4C).

b) Stabilization of peptide by S-S cyclization—Two hydrophobic residues 2 and 12
of the proposed inhibitory peptide face the interior of EphrinB2 within the context of the full
protein, but face the solvent in the model created for the derived form (see Figure 4A). The
spatial proximity of these residues provides optimal candidates for cyclization of the
peptide. Peptide cyclization offers several advantages, such as improved stability17:41,
protection from proteases41, and increased affinity due to reduced entropy of the unbound
state42. We therefore mutated in-silico positions 2 and 12 to Cystine to introduce a disulfide
bond. This cyclic peptide was then docked onto EphB4. Figure 4A displays the top-scoring
model of this docking run. Strikingly, the main interactions that mediate the binding are
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fully accessible also to the cyclic peptide, and the key side-chain conformations at the
interface are perfectly recovered (0.75A RMSD over all heavy atoms of residues 120-126),
in spite of the strong constraint imposed by cyclization. We should note here that since the
binding mode is conserved, most sequence mutations proposed above are likely to also
stabilize the interaction with the cyclic peptide (except for the F5H mutation, due to slightly
different backbone orientations imposed by the cyclization, F5 is rather close to C2). Further
cycles of sequence design and structure optimization can combine these two strategies
together.

Discussion

Protein-protein interactions mediated by either globular domains or by short peptides are
recognized to provide major components of the complex network of interactions within a
cell, and therefore major efforts have been made to understand the basic principles that
underlie these interactions. In the present study, we have investigated the possibility of
deriving peptides from the interface of globular proteins to design inhibitors that would
compete with their native interaction.

Hot linear binding segments

Our finding that short linear segments on the interface of globular proteins contribute in
many interactions the main part of the overall binding affinity has profound implications not
only on how these interactions could be inhibited in a targeted way by derived peptides, but
also to the understanding of how protein-protein interactions are achieved in Nature.
Previous studies that have investigated the structural nature of globular protein-protein
interfaces and characterized the atomic details of the interactions in terms like size and
shape (e.g. references 13 and 14), showed that a small number of so-called hotspot residues
in this interface contribute the majority of the binding energy25. Linear binding motifs, on
the other hand, are usually thought of within the context of recognition motif within
disordered regions3. Here, we show that such “hot” linear segments play also a major role in
the architecture of globular protein interfaces, including in non-trivial examples such as
non-continuous antigen epitopes, where one would not necessarily expect to find a single
dominant linear segment a-priori. It is also interesting to investigate how these high-affinity
linear segments fit into the modular view of protein-protein interfaces 24:43 (see Supp.
Figure S5 for two representative examples, namely the interfaces in TEM1-BLIP and
EphB4-EphrinB2 interactions).

From high-affinity segments to inhibitory peptides

If linear segments often provide such a significant contribution to the protein-protein
interaction, could they provide a basis for the design of short inhibitory peptides or
molecules? It is assumed that free peptides do not in general adapt one preferred
conformation44, and competitive binding to globular proteins requires that the correct
conformation would be adopted upon binding. Our energy landscape analysis via docking
experiments indicates that high-affinity segments indeed favor their original conformation
within the context of the entire protein within some considerably large basin of attractions
(Figure 3 and Supp. Figure S2). This makes them worthy candidates for inhibitory peptides,
or at least promising leads for designing small inhibitory molecules and peptides with
increased affinity, stability and bio-availability (see further discussion below). Notably,
these candidates come from all categories of protein-protein interactions, and are not
restricted to e.g., enzyme-inhibitor or antibody-antigen complexes (Supp. Tables S1 and S2).
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Stabilization of lead peptides

In the Results section, we have provided an elaborate case-study example for deriving an
inhibitory molecule from the EphB4/EphrinB2 interface. We subjected the lead peptide to
subsequent computational sequence design and structural cyclization, in order to increase its
stability and binding affinity towards its target. While it has been suggested that thanks to
their smaller size, the effective binding ability of peptides compared to proteins is
increased16, it is presumed that peptide binding affinity is decreased due to the loss of
entropy upon binding. The stabilization of the peptide in its bound conformation suggested
in this study by e.g., closing it to a cyclic peptide through a disulfide bond (thereby reducing
the entropy of the unbound form42) may further shift the relative binding affinity between
the protein and the derived peptide to the partner in favor of the peptide. It is worth noting
that cyclic peptides also have many other advantages in terms of bioavailability and cell
permeability17:41.

The road from inhibitory peptides to therapeutic drugs

The ability of peptides derived from a protein to bind independently to the target of the
protein has been demonstrated for several cases26°28. This indicates that derived peptides
can indeed be used as potential inhibitors of the original interactions, or as starting points for
the design of more potent inhibitors41. Even though concerns have been raised regarding the
binding affinity of such peptides (reviewed by Wells et al.16), and consequently their ability
to inhibit the existing interaction, several recent progresses in drug design are based on the
optimization of such peptides to bind with higher affinity to their target11, and their design
for higher bio-availability and resistance to proteolysis 17:41:45. For instance, peptide-like
molecules, such as peptoids46 may preserve the critical structural features of an inhibitory
peptide, but are resistant to endogenous proteases. Another concern that might arise in the
biological context is that in specific systems such as antibody-antigen complexes, the very
binding of the peptide to its target receptor might elicit the unwanted e.g., immune response,
instead of blocking it (although initial studies regarding synthetic vaccines indicate
otherwise47). These issues should be resolved on a per system basis.

Underlying assumptions of this study and their implications

We note that this study is based on several assumptions to reach its conclusions. We assume
that the binding energy of protein-protein, and peptide-protein interactions in particular, can
be estimated by calculating the binding energy as the difference between the partners in their
bound and isolated states, using the Rosetta Energy function. We further assume that the
free backbone conformation is identical to the bound conformations, thereby ignoring the
entropic effect of peptide folding upon binding48. For this reason, a more efficient
inhibitory peptide might exist that was not detected due to entropic effects, and the same
may apply for the sequence design procedure. Even though our assumptions might not
provide accurate estimates, they can nevertheless provide initial guides and insights.

We recently showed that the Rosetta energy function is appropriate for creating high-
resolution models of native peptide-mediated complexes6 from the peptiDB dataset4.
Moreover, in the current study we found that a significant number of derived peptides are
predicted to bind with similar estimated binding energies as the peptides from the PeptiDB
dataset (Figure 1B). In many cases, they indeed correspond to peptides in regions suggested
to contribute significantly to an interaction (e.g., the inhibitory loops of Trypsin and
Subtilisin inhibitors, or the G-H loop in EphrinB2 that was previously identified as a critical
component of the interaction with EphB439; see Results). Therefore, in spite of some gross
simplifications made in this large-scale analysis, the suggested derived peptides are expected
indeed to represent good candidates for competitive binding to the original protein partners,
without their protein context.
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Conclusions

Methods

In this study we have aimed to lay the ground for structured derivation of inhibitory peptides
from interfaces of globular proteins. While it had been reported previously that linear
peptides dominate the interaction of specific protein-protein interactions such as Trypsin —
inhibitor complexes, this analysis represents to the best of our knowledge the first large-
scale attempt to characterize the contribution of a single linear peptide in the interface to the
affinity of binding between two proteins, the structural propensity of this peptide to adopt
the bound conformation also without the context of the protein using docking experiments,
and finally, the proceeding of such a peptide lead towards the computational design of
inhibitory peptides of increased stability and affinity.

Characterization of interface peptides

We developed a simple protocol for the selection and evaluation of protein-protein interface-
derived peptides. Given the complex structure of an interaction between proteins A and B,
we first minimize shortly the structure using the Rosetta standard energy function
(score12)29-49, to remove local clashes without changing the structure significantly. The
protocol then slides a 10 amino acid window along the protein chain. We extract each
fragment of length 10 from its protein context, add termini charges, and then estimate the
interaction energy of this peptide with the other partner (see below). We select the peptide
that contributes the best interaction energy to represent this interaction (the peptide can be
located in either of the two protein partners). Here we analyze 10mers, but the same protocol
can be applied to different peptide lengths.

Estimation of binding energy

In this study, we provide a coarse estimate of binding energy by evaluating the interface
energy, defined as the energy of a peptide in complex with the protein partner compared to
the energy of peptide and protein alone. The binding energy for a peptide derived from
protein A to partner protein B is calculated as AAGpepa-prote = AGpepa-prots = AGpepa -
AGprot. We select the peptide that contributes the best AAGpepa-prots (O AAGprota-pepB)
value to represent this interaction. The relative contribution of this peptide to the total
binding energy is obtained by comparing its binding energy, AAGpepa-prota, to the estimated
binding energy of the full protein complex, AAGprota-prots = AGprota-prots - AGprota -
AGprotg- This rough estimate is used for initial filtering of candidate inhibitory peptides.

Flexible peptide docking

Flexible peptide docking simulations were performed using FlexPepDock6. In short, this
Rosetta protocol consists of iterative optimization of rigid body and peptide backbone
Monte Carlo with Minimization (MCM) cycles, where side chain conformations are
optimized on the fly, and the VdW attractive and repulsive terms are gradually decreased
and increased, respectively, to their final weights in the Rosetta standard scoring function
score1229:49. For a given starting conformation (e.g. a peptide derived from the free
monomer conformation), 200 models were created using this protocol. For energy landscape
mapping, half of the models were generated with the low-resolution pre-optimization mode
of the protocol, to increase sampling range (see Raveh et al.6 for more details). We note that
no information about the native side chain conformation was included in any of the docking
simulations, to avoid bias towards the native structure.
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Mapping the peptide binding energy landscape

For each derived peptide from the CAPRI dataset, a series of random perturbations was
applied both in rigid body and in backbone torsion angle space, along the lines of the
protocol described in Raveh et al.6. These perturbations create for each peptide-protein
complex 45 random starting models of increasing RMSD (typically up to 15A away from
the native peptide) and backbone deviations (up to 100° per backbone torsion). Each of these
starting models were subjected to a standard FlexPepDock simulation (see above). A plot of
energy vs. RMSD of these 9000 models describes the near-native energy landscape of the
peptide-protein interaction (see Figure 3B and Supp. Figure S2).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Most protein-protein interactions are mediated by one dominant linear peptide at the
interface

A.The distribution of the relative interaction energy contribution (% of total interaction
energy) of the highest-affinity decamer at the interface, for complexes from the docking
Benchmark 3.032 (squares) and CAPRI31 (triangles) data sets. For roughly 50% of the
complexes, a single linear segment contributes more than half of the interaction energy. See
Methods for more details about the estimation of interaction energies. B. The corresponding
distribution of absolute interaction energy values of the highest-affinity decamers (in Rosetta
energy units; REU). For reference, the distribution of absolute interaction energy is given for
a dataset of solved structures of peptide-protein interactions (peptiDB4; diamonds). A large
number of the proposed peptides have energetic values that are comparable to known
peptide interactions. C and D. Examples of protein interactions that are dominated by a
single linear peptide, vs. interactions that are not. C. In the complex of Ephrin type-b
receptor 4 kinase (EphB4; dark blue) and EphrinB2 (white) (pdb: 2HLE30), most of the
interaction energy is contributed by a linear segment at the interface of EphrinB2 (cartoon,
widened). D. In the complex of b. Anthracis protective antigen (dark blue) and human
anthrax toxin receptor (white) (pdb: 1T6B33), the interface is composed of several joined
loops. No single linear segment contributes a significant fraction of the interaction energy.
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Figure 2. Derived peptides in different types of interfaces

A. The distribution of relative binding energies of the highest affinity decamer at the
interface (see Figure 1) is shown for different classes of interactions (see legend).
Dominating linear peptides at the interface appear in particular in the subclass of Trypsin-
and Subtilisin enzyme-inhibitor complexes (El-proteases). Nonetheless, significant
contributions by one dominant interface peptide are also observed for all other classes of
protein interactions. B. Which side contributes the highest-affinity decamer? High-affinity
linear segments show an asymmetric distribution in the Antibody-Antigen and Enzyme-
Inhibitor classes of interactions, where in 80% of the complexes the high-affinity peptide is
derived from the Antigen or Inhibitor, respectively. In the ‘Other’ class in turn, no particular
preference for any of the partners is observed.
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Figure 3. Derived peptides favor the native binding conformation observed in the full protein

A. Sampling of a wide range of conformations allows accurate mapping of the energy
landscape. Example of sampled range of peptide conformations for CAPRI target 20,
showing 100 representative models of a docked peptide derived from RF1 (ribbon
presentation in different colors; out of the total 9000) bound to HemK (surface
representation). B. Energy funnel for RF1-derived peptide - HemK docking. Each model is
presented as a dot, indicating its total energy (y-axis) vs. the backbone RMSD of the peptide
interface residues to the peptide in its native protein context (x-axis). For clearness, only top-
scoring models out of the total 9000 are shown. See Supp. Figure S2 for energy funnel plots
of peptides derived from 13 additional CAPRI targets. C. Example of successful docking
simulations on peptides derived from the Plasminogen receptor antibody/Plasminogen
activator receptor complex (pdb: 2FD6). In this example, docking starts from the unbound
conformation of the derived peptide in its native context. More examples can be found in
Supp. Figure S3. The native peptide is colored green, the peptide in its unbound form (as
part of the unbound monomer) is colored red, and the model created with the FlexPepDock
protocol is colored magenta. D. Mapping the energy landscapes of peptides derived from
CAPRI targets indicates that derived peptides favor the original binding conformation for a
large number of targets. For each interaction, we show the interface backbone RMSD of the
lowest-energy model created for the derived peptide (dark blue bar), as well as for the best
out of the 10 top scoring models (light blue bar). Red diamonds indicate for each target the
fraction of binding energy that the derived peptide contributes (a dotted line is drawn at
50%). In 72% of the interactions (21 out of 29), a near-native conformation (below 2A
backbone-RMSD over peptide interface residues) is found among the top-10 models. In
35%, of the interactions, this is the top-scoring model. We note that we also calculated all-
atom RMSD values for top-scoring models: these exceed backbone RMSD values on the
average by 0.55+0.40A. Thus, top-scoring models well below 2A all-atom RMSD were
created for a large fraction of the targets.
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Figure 4. Design of an inhibitory peptide derived from the EphB4-EphrinB2 interaction

A-B. The interaction of the EphrinB2 native G-H loop (residues 116-128; magenta) and of a
proposed inhibitory designed peptide (blue) with EphB4 (gray). A. A docking model of the
suggested S-S cyclized inhibitory peptide (blue) suggests that the stabilizing S-S bond can
be introduced into the peptide without affecting the general binding mode or compromising
the major binding determinants (0.75A RMSD over all heavy atoms of residues 120-126). B.
Models of the three proposed mutations (Q3R, F5H, L9K). C. The energy landscape of the
designed EphrinB2 derived peptide shows a pronounced energy funnel leading towards the
native binding mode. See also Supp. Figure S6.
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