1duosnuely Joyiny 1duosnuey Joyiny 1duosnuely Joyiny

1duosnuepy Joyiny

WEALTI
of “,

-, HHS Public Access
Y

Author manuscript

j Curr Opin Struct Biol. Author manuscript; available in PMC 2018 June 01.

Published in final edited form as:
Curr Opin Struct Biol. 2017 June ; 44: 59-66. d0i:10.1016/j.sbi.2016.12.009.

Peptides and peptidomimetics as regulators of protein-protein
interactions

Anna D. Cunningham8, Nir Qvit®*, and Daria Mochly-Rosen”
Department of Chemical and Systems Biology, Stanford University, School of Medicine, Stanford
CA 94305-5174 USA

Abstract

Protein-protein interactions are essential for almost all intracellular and extracellular biological
processes. Regulation of protein-protein interactions is one strategy to regulate cell fate in a highly
selective manner. Specifically, peptides are ideal candidates for inhibition of protein-protein
interactions because they can mimic a protein surface to effectively compete for binding.
Additionally, peptides are synthetically accessible and can be stabilized by chemical
modifications. In this review, we survey screening and rational design methods for identifying
peptides to inhibit protein-protein interactions, as well as methods for stabilizing peptides to
effectively mimic protein surfaces. In addition, we discuss recent applications of peptides to
regulate protein-protein interactions for both basic research and therapeutic purposes.
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Introduction

Protein-protein interactions (PPIs) are essential for various biological processes, including
cell proliferation, cell division, signal transduction, transcription, translation, and
programmed cell death. PPIs also play a critical role in various diseases and pathological
conditions such as neurodegeneration, cardiovascular diseases, and cancer [1]. The
interactome, the complete list of the molecular interactions in a cell, has been predicted to
contain about 650,000 PPIs. Because PPIs mediates critical molecular communications, PPI-
modifying drugs provide a massive therapeutic potential. However, targeting PPIs with small
molecules, which are traditionally used to modulate a single enzyme function, is challenging
for two main reasons. Primarily, the binding surfaces between proteins are usually large
(1,500-3,000 A2) and involve many polar and hydrophobic interactions. In addition, binding
surfaces are typically flat, without a defined binding pocket for binding of a small-molecule
drug. Targeting PPIs with small molecules has produced a mix of both exciting success
stories and frustrating challenges, and has been discussed in several recent reviews [1-3].
Peptides and peptidomimetics (modified peptides), on the other hand, are perfect candidates
to target PPIs. Interestingly, it has been estimated that 15-40% of all PPIs are mediated by a
short linear peptide [2]. Peptides can be rationally designed based on the natural sequences
that mediates PPI in the proteins, and therefore can mask a critical part of the binding
surface; furthermore, peptidomimetics can be chemically modified to stabilize the bioactive
conformation mimicking the 3D protein structure. Additionally, peptides and
peptidomimetics can modulate intracellular targets by crossing the cell membrane
independently (e.g. cyclosporine) or via conjugation to cell-penetrating vehicle peptides [4].
In this review we will discuss common approaches for developing peptides to investigate
and modulate PPIs, as well as examples of therapeutic application of peptides as PPI
regulators.

Peptides derived through high-throughput methods

Peptides to modulate PPIs are often discovered via high-throughput screening. Because
many natural small molecules have evolved to interact with proteins, and vice versa,
screening of natural product libraries for PPI inhibitors is often used. Natural macrocyclic
peptides in particular are large and flexible enough to modulate protein surfaces, yet their
cyclic structure provides some rigidity, increased resistance to proteolysis and cell-
permeability, therefore also making excellent drug candidates [5]. For example, screening of
a 2070-compound macrocycle library identified robotnikinin, a macrocyclic peptide that
disrupts the interaction between Patched and Sonic hedgehog proteins in the hedgehog
signal transduction pathway [6].

Protein-protein interactions are more often probed via selection methods such as phage
display [7] in which bacteriophages (viruses consisting of DNA or RNA encapsulated by
coat proteins) are engineered to uniformly display a library of random-sequence peptides
fused to the outward-facing terminus of one of several phage coat proteins (Fig. 1a, I) [7]. In
this selection process, called biopanning [7], the protein target is immobilized and the phage
display library is introduced for binding (Fig. 1a, I1), then the unbound phage is washed
away (Fig. 1a, 111) and the bound phage is eluted (Fig. 1a, V). This process is repeated for
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3-5 rounds, to enrich for the strongest binders. The selected phage DNA is sequenced to
identify the amino acid sequence that provides strong binding to the target (Fig. 1a, V).
Phage display is faster, less expensive, and requires less complicated data analysis
techniques than high-throughput screening of small molecule libraries [8].

Phage display was developed in 1985 [9] and is still the most commonly used display
method [10]. However, display can also be done in yeast [11] or bacteria [12]. If
complicated folding patterns or post-translational modifications are desired, insect or
mammalian cells can also be used for display [13]. Due to limits of transformation
efficiency, commercial phage display libraries typically have a diversity of 108-1010[7]; to
evade this limitation, acellular display methods have also been developed, in which DNA is
transcribed and translated /n vitro, then is covalently linked to the translated peptide via a
covalent linker. These libraries have no upper limit on peptide diversity [14].

Phage display has been used to characterize protein-protein interactions in several ways.
Traditionally, phage display has been used to map epitope regions by displaying protein
fragments and panning for the epitope against the immobilized monoclonal antibody [15].
Peptide phage display is an increasingly common strategy to characterize known PPIs,
discover new PPIs, and identify candidate peptides for PPI inhibition [16]. For example, a
random-sequence peptide display library was used to characterize the interface and binding
modes of the interaction between p300 and HIF-1a, and several of the identified peptides
inhibited the interaction between p300 and HIF-1a with an ICgg of <5 pM [17]. In another
study, peptide phage display was used to identify the PY binding motif (LPxY or PPxY) as a
strong interactor with the oxidoreductase WWOX; the authors then validated several PY-
containing proteins as novel binding partners of WWOX, including the E3 ubiquitin ligase
ITCH [18].

Although high-throughput screening methods have proven effective for identifying peptides
that regulate PPIs, there are drawbacks. The process and resources needed for synthesizing
and maintaining hundreds of thousands of compounds or phages, as well as for optimizing
high-throughput assays, are costly and time-consuming. As protein interfaces become better
understood through X-ray crystal structures of protein complexes and computational
methods, rationally designing of peptides inhibitors of PPIs without conducting large
screens is enabled.

Rational design of peptides to inhibit PPIs

Rational design is an attractive approach to efficiently develop peptides to selectively inhibit
PPls. Interactions between short linear sequences in proteins were shown to be crucial for
cell signaling, and the interactions are often transient, allowing for rapid changes in response
to varying stimuli [19]. Our laboratory has developed peptides derived from proteins
interfaces that act as competitive inhibitors of PPIs demonstrating high selectivity and
bioactivity [20-23]. Focusing on protein kinase C (PKC) and its scaffold protein receptor for
activated C kinase (RACK) [22, 24-26] we developed peptides that act as specific PKC
regulators and studied them in several animal models including cancer [27], cardiovascular
diseases [28] and neurodegenerative disease [29] as well as in humans [30, 31]. Recently we
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developed a series of peptides derived from 6PKC to selectively inhibit the docking and
phosphorylation of individual substrates, described below; these peptides are highly
selective inhibitors of the PPIs between SPKC and one substrate [32-34].

Several protein kinases have docking site for the substrate that is outside of the active/
catalytic site of the enzyme. The docking site may recognize a short peptide motif in the
target protein substrates, distinct from the phosphoacceptor site on the substrate [35]. The
docking site providing further selectivity for the substrate without compromising the
stereochemical requirements for efficient catalysis at the active site [36]. Docking is
particularly prevalent in serine/threonine kinases and has been characterized for a number of
protein kinase families including c-Jun N-terminal kinases (JNKSs), cyclin-dependent kinases
(CDKs), and mitogen-activated protein kinases (MAPKS) (for review: [35]). For example,
Lee et al. identified a six amino acid docking site at the C-terminal Src kinase (Csk), and a
peptide mimicking the docking site inhibited Csk phosphorylation of Src (ICsg = 21 uM) by
inhibiting the Src-Csk interaction, but only moderately inhibited Csk kinase activity against
other substrates [37].

We hypothesized that the substrate-specific docking site on the kinase may be masked by an
intramolecular interaction in the inactive kinase conformation, and activation of the kinase
results in a conformational change revealing this docking site (Fig. 2). Furthermore, we
hypothesize that in some cases this intramolecular interaction site on the kinase mimics the
PKC-binding site on the substrate, and therefore will have similar sequence. Based on this,
we developed a general procedure to design novel selective protein-protein interactions
inhibitors (Fig. 1b). First, the two proteins that are known to interact are aligned to identify
short homologous domains as candidate sequences for peptide development (Fig. 1b, I).
Next, the identified candidate sequences should be checked for evolutionary conservation, as
it has been shown that conserved sequences are likely to be important for protein functions
such as mediation of protein-protein interactions (Fig. 1b, I1) [38, 39]. Finally, to ensure the
selectivity of the peptide, other proteins containing a homologous sequence are identified
and conservation of this sequence is assessed (Fig. 1b, I11). To reduce likelihood of off-target
peptide interactions, the candidate sequence should not be conserved in these other proteins.
While this method uses sequence-based design, the protein structure can also be used to
guide the design of the peptide, if available.

Several peptides have been developed using this procedure and these peptides demonstrated
high bioactivity and selectivity. For example, we developed a peptide based on short
homologous regions between 8PKC and its substrate, pyruvate dehydrogenase kinase
(PDK). We rationally designed a peptide corresponding to the PDK docking site on 8PKC,
which we termed pseudo-PDK or ywPDK peptide. We were encouraged to find that the
homologous sequences from which wPDK was derived were located on the surface of both
kinase and substrate, which is consistent with the sequence being involved in protein-protein
interaction (Fig. 1b, IV). We found that ywPDK peptide selectively inhibits PDK interaction
with 8PKC and the resulting SPKC-mediated phosphorylation of PDK with an /in vitro K4 of
~50 nM. When used in rats, wPDK reduces cardiac injury with an 1Csg of ~5 nM. Moreover,
wPDK peptide does not affect the phosphorylation of other SPKC substrates under the same
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experimental conditions, even at 1 UM concentration, demonstrating that PDK
phosphorylation alone is critical for SPKC-mediated injury by heart attack [32].

The rational approach we identified is not unique for kinases and substrates; adopting the
same approach to target proteins outside of the PKC family, we identified peptide P110 that
selectively inhibits excessive mitochondrial fission by inhibiting PP between dynamin
related protein 1 (Drpl) and Fis1 [40]. We also rationally designed a peptide (p4d) which
exhibits leishmanicidal and trypanocidal activity /n vitroand in in vivo [41-43]. A summary
of peptides derived using this rational approach, along with biological insights learned, is in
Table 1.

Peptidomimetics as secondary structure mimics

Once the region mediating the PPI is known, a peptide mimicking that region is an excellent
starting point for developing inhibitors or tools to probe the interaction. Because short
peptides are often flexible and unstructured, potency of inhibitors can be increased by
stabilizing or inducing the desired secondary structure [44]. Protein-protein interfaces can
involve all three main protein structural motifs: alpha-helices, B-strands, and loop or turn
regions; peptides mimicking these motifs can be stabilized in different ways (Fig. 3).

In many cases, the interaction between two proteins is primarily facilitated by a single alpha-
helix that includes at least two “hotspot” residues [44]. Short peptide mimics of alpha-
helices can be stabilized by modifying the amino acid sequence to include natural or
unnatural residues with a high helix-forming propensity, such as alpha-aminoisobutyric acid
[44]. Alpha-helices can also be stabilized covalently by N-terminal capping, in which the
natural hydrogen bond between the carboxyl group of the N-terminal amino acid and the
amide group of the /+3amino acid is replaced with a covalent bond, therefore seeding helix
formation. Alternatively, a covalent linker can be introduced between 7and 7+3, i+4, or i+7
sidechains, constraining the distance between the two amino acids to stabilize the helix [45].
These linkers can be all-hydrocarbon, thiol-based, lactam, or triazole linkers [45]. In
particular, stapled peptides, which are made by introducing a hydrocarbon linker between
two hydrophobic residues, have found many applications both /n vitroand in vivo. In many
cases, stapling improves proteolytic resistance, cell penetration, half-life, and affinity [46].
For example, Glas et al. designed a helical peptide to inhibit the interaction between human
14-3-3 protein and a bacterium virulence factor exoenzyme S (exoS) [47]. The peptide was
derived from an 11-amino-acid sequence in exoS, called ESp, which was known to mediate
binding. A hydrocarbon staple between two hydrophobic residues in 7and /+3 positions
increased the affinity of the peptide to 14-3-3 by almost 30-fold. Crystal structures showed
that the stapled peptide interacted with 14-3-3 in a manner very similar to ESp.

Turn regions, defined as stretches of 2-6 amino acids that have a hydrogen bond between the
fand 7/+nbackbones, are highly represented at weak and transient protein-protein interfaces.
Like alpha-helices, turn mimetics can be stabilized by modifying the peptide sequence to
include turn-stabilizing amino acids such as proline, which produces a kink in the peptide
backbone, or D-amino acids. Unlike alpha-helices, the N- and C-termini of turn regions are
often close in proximity, and so macrocyclization is a common strategy to stabilize turn
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mimetics. N-methylation of backbone amides also can reduce peptide flexibility by
increasing steric hindrance, therefore stabilizing the turn conformation.

Beta-sheets can be partially mimicked by beta-hairpin peptides, two short antiparallel beta
strands connected by a turn region [45]. Beta-hairpins can be stabilized in their turn region
by methods described above. A beta-hairpin can also be stabilized by inducing proximity
between the two beta-strands, therefore seeding formation of the ordered hydrogen-bonding
pattern between the two strands. This can be done by head-to-tail macrocyclization, by
creating a disulphide bond between the two strands, or by pi-stacking between tryptophan
amino acids on each strand (tryptophan zipper) [45].

Alpha-helices, beta-sheets, and turn regions can all be mimicked using novel chemical
scaffolds as well. This field is quickly growing, and has been reviewed elsewhere [45, 48].

Peptide target PPIs as therapeutics

There are several examples of peptides and peptidomimetics targeting PPIs that have been in
clinical trials. For example, ALRN-6924 (Aileron) is the first potent and specific re-activator
of p53, a tumor suppressor protein, which binds and inhibits two of the p53 suppressor
proteins, MDM2 and MDMX. p53 represents one of the most sought after oncology drug
targets due to its central role in preventing the initiation and progression of many tumors.
ALRN-6924 has been evaluated as an anti-tumor therapy in patients with advanced solid
tumors or lymphomas [49]. Another example is the use of Arg-Gly-Asp (RGD)-based
peptidomimetics to inhibit the interaction between integrins, mainly avp3 and avp5, and
their substrates. The most successful example of such a strategy is the cyclic peptide
cilengitide (Merck-Serono), c((RGDf(NMe)V) [50]. Cilengitide demonstrates increased
potency and specificity towards endothelial cells, and has also been tested /in7 vivo in several
phase 11 trials of different cancers [51]. Another example is KAI-9803 (KAl
Pharmaceuticals), a small peptide that specifically inhibits the interaction between SPKC
and its intracellular receptor, RACK. 6PKC activation during reperfusion initiates the
molecular processes for cell death which ultimately leads to inflammation and damage in the
heart or the brain during a stroke. KAI-9803 was tested in a phase 1l clinical trial to assess
safety and efficacy in patients with acute myocardial infarction undergoing reperfusion via
balloon angioplasty and appeared efficacious in the patients that have complete blood vessel
occlusion [30].

Conclusion

Peptides are ideal chemical tools for inhibiting PPIs; rational design and screens have
identified peptides that bind with exquisite specificity and affinity to their targets, therefore
having relatively few off-target effects [52, 53]. However, peptides have few disadvantages
as therapeutic entities, mainly instability and lack of intracellular penetration compared to
small molecules. As discussed above, instability can be addressed using local chemical
manipulation such as modified or unnatural amino acids, or general modification like
cyclization, which leads to conformational restraint and significant enhancement of stability.
Cell penetrating peptides, short positively charged peptides, can be used to deliver peptides
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into cells in a safe manner [4, 54, 55]. Because of these methods of circumventing the
therapeutic disadvantages of peptides, peptides are gaining increasing attention as
therapeutics.

Currently, there are more than 60 approved peptide medicines on the market and this is
expected to grow significantly, with approximately 140 peptide drugs currently in clinical
trials [56]. In addition, there is an increasing number of new peptide drugs entering clinical
studies, from 1.2 per year (1970s) to 16.8 per year since 2000 [57]. Four peptide drugs have
reached global sales over US$ 1 hillion, and the global peptide drug market has been
predicted to reach US$25.4 billion in 2018. Finally, this market share is growing much faster
than that of other pharmaceuticals, and success rates for bringing biologics to market are
now about twice that of small molecule drugs [56]. In the future, the growing popularity of
peptides as therapeutics may bring on a new era of drug discovery.
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Highlights

. Protein-protein interactions are essential for almost all cell processes

. Peptides are ideal candidates for targeting protein-protein interactions (PPIs)

. We survey screening and rational design methods for identifying peptides to
inhibit PPIs

. Peptides increasing popularity as therapeutics may bring on a new era of drug
discovery
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Figure 1. Workflows for peptide identification via phage display selection or rational design

(a) In phage display, bacteriophage is engineered to uniformly display a library of peptides
on the surface (I). The library is introduced to the immobilized protein of interest (I1), the
unbound phage is washed away (111), and the bound phage is eluted (IV). This process is
repeated for 3-5 rounds to enrich for the strongest binders. Finally, the phage DNA is
sequenced (V) to identify the selected peptide sequences, and these lead peptides are
synthesized for further characterization. (b) In a rational design approach for developing
peptide inhibitors of PPIs, the proteins of interest are first aligned to identify short sequences
of homology (I). These sequences are checked for evolutionary conservation (I1); other
proteins sharing this homologous peptide (HP) sequence are also checked for evolutionary
conservation (I11). A sequence that is specific to the desired PPI should be conserved in the
proteins of interest, but not in other proteins. The peptide sequence is then mapped onto the
three-dimensional structures of the proteins of interest (PDK (PDB: 1JM6), C2 domain of
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S8PKC (PDB:1BDY)) (1V), if available. Finally, the peptides are synthesized for further
characterization. * denotes identity, ~ denotes homology.
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Figure 2. A rationally designed selective inhibitor of single substrate phosphorylation
S8PKC is in equilibrium between multiple active and inactive conformations. In the inactive

S8PKC (I), each docking site interacts with a pseudo site in 6SPKC, which mimics the docking
site for SPKC on the substrate. A shift in equilibrium between the inactive (I) and active (I1)
conformations of 8PKC exposes the catalytic site and substrate-specific docking sites
(docking sites for PDK and substratexon 6PKC, I1). Docking of each substrate to the kinase
induces proximity to the catalytic site, leading to substrate phosphorylation (P, 111). A
rationally designed peptide (red triangle) corresponding to the PDK docking site is a
competitive inhibitor for docking to and the resulting phosphorylation of PDK by §PKC,
without affecting docking and phosphorylation of other SPKC substrates (e.g., substrate x,
V).
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Figure 3. Methods of stabilizing peptide mimetics of alpha-helices, turns, and beta-hairpins
(a) alpha-helices can be stabilized by using unnatural amino acids, N-terminal capping, or

sidechain linkers such as stapling. (b) Turn mimetics may be stabilized by using proline or
D-amino acids, macrocyclization, or N-methylation of the backbone amide. (c) Beta-sheet
mimetics, specifically beta-hairpins, can be stabilized by sidechain interactions such as
disulfide bonds or tryptophan zippers, macrocyclization, or by using turn mimetics to induce

hairpin formation.
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