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Modulating protein-protein interactions: the potential
of peptides

L.Nevola®* and E. Giralt®**

Protein-protein interactions (PPIs) have emerged as important and challenging targets in
chemical biology and medicinal chemistry. The main difficulty encountered in the discovery of
small molecule modulators derives from the large contact surfaces involved in PPIs when
compared with those that participate in protein-small molecule interactions. Because of their
intrinsic features, peptides can explore larger surfaces and therefore represent a useful
alternative to modulate PPIs. The use of peptides as therapeutics has been held back by their
instability in vivo and poor cell internalization. However, more than 200 peptide drugs and
homologous compounds (proteins or antibodies) containing peptide bonds are (or have been)
on the market, and many alternatives are now available to tackle these limitations. This review
will focus on the latest progress in the field, spanning from “lead” identification methods to
binding evaluation techniques, through an update of the most successful examples described in

the literature.

1. Introduction

Communication between proteins is involved in almost every
biological function. This enormous network system
corresponds to a comparably huge map of interactions between
protein partners that determines cellular behavior. It is not
surprising therefore that protein-protein interactions (PPIs) have
emerged as important and challenging targets in chemical
biology and medicinal chemistry.® PPl modulation would
contribute to improving current knowledge of PPI networks,
facilitating the understanding of the pathogenic mechanisms
involved in diseases and thus paving the way towards the
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development of novel diagnostic and therapeutic strategies.? In
general, PPIs are classified as mediated either by the interaction
between two protein domains (domain-domain) or by the
interaction between a linear sequence of residues of one of the
partners and a domain of the other one (peptide-domain)
(Figure 1). In the latter, which accounts for almost 40% of
known PPIs, the interacting peptide often adopts a specific
secondary structure, typically an a-helix, although it can also be
completely disordered.®> However, as a great proportion of
domain-domain interactions also involve these “hot segments”,
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they can be characterized by a dominant hot segment-mediated
interaction. This is the case of PDZ domain-mediated
interactions (PDMIs)* and of Src homology 2 (SH2) domain-
mediated interactions,® both types often targeted by peptides.
The modulation of PPIs has been pursued through many
approaches, in particular those based on the use of small
organic molecules, either derived from natural compounds or
from pure organic synthesis.® More than 12 small molecule PPI
modulators are currently in clinical development, and it is
predicted that the market value of these molecules will exceed
600 million EUR in the next 5 years.7 However, the main
difficulty encountered in the discovery of small molecule
modulators derives from the large contact surfaces involved in
PPIs (~1,500-3,000 A?% when compared with those that
participate in protein-small molecule interactions (~300-1,000
A?). In addition, these protein-protein interfaces are generally
flat and often lack the grooves and pockets present on the
surfaces of proteins that bind to small molecules.® Researchers
have thus turned their attention to the possibility of using “more
natural” alternative PPI modulators, such as recombinant
proteins/antibodies, and peptides, which can explore larger
surfaces. Peptides in particular present several advantages: (i)
flexibility, which is translated into adaptability to large
surfaces; (ii) easy modularity, which increases structural
diversity and consequently allows higher selectivity and
potency; (iii) size, which limits accumulation in tissue; and (iv)
complete biocompatibility, which means low toxicity in
humans.® The last two features are highly desirable given the
growing interest in PPIs as therapeutic targets. However,
progress towards the development of therapeutic peptide PPI
modulators is hindered by the following drawbacks of these
molecules: low stability against degradation by proteolytic
enzymes of the digestive system and blood plasma; rapid
removal from the circulation (hepatic and renal clearance); poor
ability to cross physiological barriers; and potential
immunogenicity.’® In spite of these limitations, the large
number of successful peptide PPl modulators reported so far
and the great effort to tackle the bottlenecks that impair their
use as pharmaceutics are impressive. In addition to features that
allow cell and tissue permeability, many chemical
modifications and smart linker conjugations™ have been
introduced into PPl modulators in order to reduce proteolytic
degradation and improve bioavailability. An entire class of
synthetic molecules that mimics the secondary structure of
peptides, the so-called peptidomimetics, has been developed
and applied to the modulation of PPIs, as extensively described
elsewhere.'® *The present review seeks to give an overview of
the recent scenario in this field, following the scheme of the
common pipeline corresponding to PPl modulator discovery
(Figure 2). We will focus first on the approaches used to
identify lead compounds (Section 2) and then on the techniques
applied to evaluate peptides as PPl modulators in vitro and in

2 | ChemComm., 2014, 00, 1-3

living cells (Section 3). Our main goal is to provide a complete
and updated description of the successful applications of
peptides in PPl modulation and their consequent use in
biochemistry, chemical biology, and pharmacology.

Protein-protein interaction (PPI)

Domain-domain PPI

Peptide-domain PPI

Protein

Figure 1. Protein-protein interactions (PPIs) can be domain-
mediated or peptide-mediated. The domain-peptide type is defined by
the interaction of linear peptide regions, in particular the a-helix.
However, the presence of a continuous epitope (the peptide) can also be
found in a great number of domain-domain interactions.

2. Peptides and PPIs: identifying the lead.

PPIs are extremely difficult to target because of the high
surface area, normally flat and featureless, that characterizes the
interaction. Peptides are the perfect candidates to tackle this
limitation as they are able to closely mimic the principle
features of a protein but can be easily synthesized and modified
to improve properties such as stability, binding strength, and
bioavailability. For applications in medicinal chemistry and
chemical biology, peptide research tends to approach lead
compound discovery following the same pathways as those
used for small molecules. In this section we will briefly address
all the techniques used in the discovery of peptide PPI
modulators, focusing on the latest approaches published. The
first part will describe “Structure-based design”, showing the
classic and modern approaches for “hot spot” identification
(Section 2.1) and the advances made in the synthesis of
modified peptides (Section 2.2). The second part will focus on
high-throughput screening (HTS), starting from biological
techniques such as phage display (Section 2.3), ribosome
display (Section 2.4) and mRNA display (Section 2.5) through
to in silico screening (Section 2.6) and fragment-based
selection (Section 2.7).

This journal is © The Royal Society of Chemistry 2014
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Figure 2. PPI modulator pipeline. The discovery of PPI modulators starts from the target selection among the PP interactome. Several methods, such as
phage display, fragment-based discovery, and in silico screening (adapted with the permission from Proteins 2010, 78, 3140-3149), contribute to “lead”
peptide identification. The last step in the pipeline is the evaluation of binding proprieties in vitro or in cells, which involves many techniques.

2.1 “Hot spot” identification.

Identification of the physical and chemical features of the
protein surfaces involved in PPIs has been a challenge for many
years. The breakthrough in this field came with the
understanding that the “flatness” of the protein-interacting part
is decorated by well-defined binding sites, the so called “hot
spots”, characterized by a high degree of flexibility that confers
adaptability to enhance PPI fitting.” Although “hot spots”
account for less than half of the contact surface, they make a
significant contribution to the overall interacting energy.® Each
“hot” residue is surrounded by an “O-ring” that excludes the
solvent. The second level of boundaries is conferred by residues
that are partially buried, rendering the spot a unique physico-
chemical property.'* The mapping of “hot spots” is therefore an
ideal starting point for the design of modulators—both peptides
and small molecules. The main limitation in this regard is the
time-consuming and harsh experimental procedures normally
required for their identification, which is achieved mainly by
systematic cycles of mutagenesis and binding measurements.
By means of alanine scanning, “hot spots” have been defined as
those sites where mutations cause an increase in the binding
free energy of at least 2.0 kcal/mol. ** The discovery of a rapid
and effective method to detect these determinant binding points
is highly desirable. From the experimental point of view,
several variables of classic alanine scanning have been
developed, such as alanine-shaving, shotgun scanning, and in
particular computational prediction, through MM-PBSA
(molecular mechanics-Poisson—Boltzmann surface area), MM-
GBSA (molecular mechanics-generalized Born surface area),

This journal is © The Royal Society of Chemistry 2014

and more recently through “post-processing” protocol®®.
Computational and fragment-based approaches have been
reported in the literature. In this review we will focus on the
most recent cases. An alignment-free method for the prediction
of protein interface residues, named iPred, was developed in
2011.Y It was the first prediction method to include complete
structural environment information of a residue in order to
determine its interface propensity, introducing the concept of
context-dependent scoring. Although designed for small
molecules, iPred also proved applicable for recognizing
peptide-binding regions on protein surfaces. One of the most
challenging issues in the prediction of “hot spots” is the
identification—in the absence of knowledge—of the binding
site. This question was addressed using a computational method
similar to the concept of the multiple solvent crystal structure.
The method is based on the combination of the co-solvent
mapping method with a double de-coupling calculation of
chemical fragments in order to analyze the binding free energy
associated with each protein “hot spot”*® and it has been
successfully applied to the hydrophobic interface of Bcl-x,.*°
Another example of the reliability of computational prediction
is given by computational fragment mapping (FTMap) applied
to the NEMO/IKK { binding interface, where the use of
“fragment-like probes” helps to identify consensus cluster sites
that correspond to binding ‘“hot spots”.2 The most recent
extension of this concept has led to the definition of “hot
loops”.2t The LoopFinder algorithm is a useful tool for
searching structure databases for peptide loops at protein-
protein interfaces. It has the capacity to show that several of

ChemComm., 2014, 00, 1-3 | 3
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these interfaces are repeated in many proteins and that they are
crucial for their interaction network. This evidence opens up a
new scenario for drug targeting and an option for the
development of constrained peptide inhibitors.

2.2 Designed Peptides.

Many PPIs are mediated by small peptides, which take on a
specific secondary structure to adapt to interacting surfaces.
The use of protein segments as PPl modulators has some
limitations, due in particular to the high flexibility and to loss of
three-dimensional stability when a short sequence is isolated
from a global protein. The introduction of chemical
modifications helps to solve this problem, providing the
constrained peptides with additional features, such as protease
resistance, higher  selectivity, and greater cellular
internalization. This review will focus on recently designed
peptides that have been successfully applied to the modulation
of PPIs, classifying them on the basis of general chemical
modification. We will start with “cyclic peptides”, moving from
head-to-tail to side-chain to side-chain cyclization, focusing on
“stapled peptides” as example of a-helix stabilization. We will
then report on other secondary structure stabilizers, such as
“other a-helix” and “B-hairpin-constrained” peptides. We will
conclude by exploring the field of “bicyclic peptides” and “B-
peptides and peptoids”. Finally, specific attention will be
devoted to “mini-proteins” and “grafted-peptides”, and special
mention will be given to “photo-switchable peptides” as
examples of the remote control of PPlIs.

2.2.1 Cyclic peptides. Head-to-tail cyclization was one of the first
modifications explored to enhance peptide stability against
enzymatic degradation and physical denaturation.?? Peptides
constrained in this way also exhibit remarkable biological activity
with extraordinary potency and improved bioavailability, thus
attracting the attention of the pharmaceutical industry. Many
synthetic methodologies have been developed? beyond the classic
amide formation, such as the recent imine-induced Ser/Thr
ligation?; however, finding a highly selective and specific manner to
achieve peptide cyclization remains a challenge. Enzymatic reaction
could be the answer, as demonstrated by the discovery of butelase
1,2 the first asparagine/aspartate ligase, which performs peptide
cyclization with a 95% vyield at the fastest rate reported to date. In
some cases, head-to-tail cyclic peptides have been successfully used
to inhibit PPIs. Cyclic pentapeptides selected from a library of
3.2x10° members were found to inhibit the interaction between HIV
Gag protein and the host protein TSG101 (tumor susceptibility gene
101), thus impairing viral budding. **More recently, molecules that
inhibit the dimerization of the C-terminal binding protein (CtBP)
transcriptional repressor were identified from a much larger library
of 64 million genetically encoded cyclic peptides. Treatment of
human breast cancer cells with these peptides has been reported to
reduce their mitotic fidelity, proliferation, and colony-forming
potential.?® The same research group applied the strategy to another
PPI of therapeutic relevance, namely hypoxia-inducible factor (HIF)
hetero-dimerization, obtaining hexapeptides with high activity in the
cell. " The other approach most commonly used to produce cyclic
peptides is through the reaction between side-chain groups. This
class of peptides can feature the oxidative di-sulfide bridge
formation of a pair of cysteine residues, as normally occurs in
proteins (this issue will be addressed in Section 2.2.7), but also other
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coupling reactions of distinct nature. Lactam-bridged peptides
(amide condensation between the side chain of a Lys and an Asp or a
Glu) have been widely used to confer rigidity and define a-helix
secondary structure in short peptides®® and have yielded improved
PPI modulators, such as the PDZ domain of the PSD-95/NMDA
receptor interaction®, the HIV-1 Rev/RRE interaction®®, and the HR-
N C-terminus domain/HR-C domain of Respiratory Syncitial Virus
protein, where a double lactamization was used.’" * Side chain-
bridged macrocyclic peptides were prepared using bis-carboxylic
acid ring spacers to inhibit PPIs mediated by the third PDZ domain
(PDZ3) of PSD-95.33 As already mentioned for the lactam-bridged
peptides, the side-chain to side-chain cyclization is devoted mainly
to constrain peptide secondary structures and in particular to
promote a-helix conformation. In this regard, “stapled” peptides—
addressed in the following section—play a major role.

2.2.2 a-Helix-constrained peptides: “stapled” peptides. After the
first example of ring-closing metathesis applied to peptides by
Grubbs®*, in 2000 Verdine and co-workers reported the synthesis of
an all-hydrocarbon cross-linking system through a metathesis
reaction to induce a-helix conformation in short peptides.® This first
article concluded that: “The major goal of this research program is
to improve the pharmacological properties of a-helical peptides
through synthetic modification. The present report is an important
first step toward that end.” Since then, Verdine’s group and later that
headed by Walensky, and many others afterwards, have used the
stapling protocol®® (Figure 3a) to produce a-helix peptide inhibitors
of PPIs, consistently obtaining better affinity, higher stability and
greater cellular uptake. Successful examples are the Bel-XL/Bak and
the MCL-1/NOXA interactions®” *®, the p53/MDM?2 interaction®*“2,
the MAML1/ICN1-CSL complex of NOTCH signaling **, and B-
catenin/T-cell factor (TCF) proteins involved in Wnt signaling®.
More recently, stapled peptides have been applied to inhibit new
anti-cancer targets, such as H3 Lys27 trimethylation by disrupting
the EZH2-EED complex and reducing EZH2 protein levels in

5 {
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Figure 3. Classic stapled peptides (a) and their evolution (b).

leukemia cells.®*The treatment with the peptide leads to growth
arrest and monocyte-macrophage differentiation, thus modulating an
epigenetic ‘writer’ and suppressing cancer cell growth. Stapled
peptides have also been used to tackle the problem of PPIs,

This journal is © The Royal Society of Chemistry 2014
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considered undruggable because of the extensive and shallow nature
of their interfaces. This is the case of GTP-ase signaling, which has
been successfully regulated by inhibiting the Rab8a/Rab8a—effector
interaction, thus representing a new approach to overcome the
limitation of this protein family target. *® The capacity of stapled
peptides to selectively interact with protein surface candidates make
them not only direct PPl modulators, but also opens them up to other
applications, such as protein probing for drug discovery and
structural studies. The latter concept has been applied to photo-
reactive stapled BH3 peptides, thus helping to experimentally dissect
the interactome of the Bcl-2 family of proteins. *’Another example is
the ATRIP-based sequence stapled peptide that binds tightly to the
basic cleft of RPA70N, which is essential for DNA replication,
damage response, and repair. By inhibiting the interactions of
RPAT70N with other peptides/proteins, the stapled peptide was used
as probe to find small molecule modulators.*® The PPI that involves
the “juxtamembrane segment” of epidermal growth factor receptor
(EGFR) and allows its dimerization has recently been targeted by
stapled peptides.*® Those molecules are allosteric inhibitors and open
a third way to inactivate EFGR signaling. The established tight
connection between “stapling-a-helix conformation” and “enhanced
activity” was discussed and slightly unhinged when the inhibitory
capacity of some stapled BimBH3 peptides did not yield the results
expected. *° The same issue, although from a different perspective,
has recently been analyzed by the groups of Ottmann and Grossman,
opening up the appealing option of using stapling to stabilize
peptides, not necessarily in a-helix structure, but also peptides with
irregular conformations as PPl modulators.®> In that paper,
constrained peptides with no particular defined secondary structure
were shown to inhibit the interaction between the virulence factor
exoenzyme S (ExoS) and the human protein 14-3-3.

2.2.3 Other a-helix-stabilized peptides. As already mentioned,
many PPIs are mediated by o-helix peptides. This observation
justifies the intense research performed in the field of helix inducers
or helix stabilizers. In addition to the use of stapled peptides (see
2.2.2), many methodologies addressing this issue have been reported
in the literature (Figure 3b). In many cases helix induction is
achieved by reacting a rigid linker with a pair of cysteine residues
located in the desired position (generally i, i+4; i, i+7; i, i+11). Bis-
aryl methylene bromide, in particular 4,4-bis-bromomethyl-biphenyl
(Bph) and 6,6-bis-bromomethyl-bipyridine  (Bpy), provided
satisfactory inhibition in the p53/MDM2 PPl and improved cell
permeability. ° The same group obtained similar results applying
cross-linking to a peptide directed at the Noxa/MCL1 interaction. >
Perfluoroarylation of cysteine residues was used for mild
functionalization of unprotected peptides **, obtaining a new class of
a-helix-induced peptides characterized by the rigidity and
lipophilicity of the perfluroaromatic linkers. The copper-catalyzed
alkyne-azide cycloaddition (“click” reaction) is another strategy used
to induce helix conformation in short peptides.”® It has been
successfully applied to find strong inhibitors of the interaction
between B-catenin and B-cell CLL/lymphoma 9 (BCL9). % One of
the most recent examples is the use of the double-click method
applied to peptide inhibitors of the p53/MDM2 interaction®, where
linear diazidopeptides are reacted in solution with dialkynyl linkers
to create bis-triazole-stapled peptides under Cu (I) catalysis. An
extra modification was also introduced, adding a functionalized
group to the staple linkage itself. ® Upon examination of all these
protocols, the best way to induce the a-helix is still undecided.
Fairlie and co-workers established a rank order, comparing first a
model penta-peptide modified in various ways (Figure 4), and then
confirming the conclusion in a 13-er.%° In their hands, when the
peptide achieved self-helicity in water, almost all the stapled
peptides worked fine, while in very short and flexible ones the best

This journal is © The Royal Society of Chemistry 2014
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result was obtained in the lactam cycle. Another unusual approach is
the introduction of a coordination motif (HCM) into the peptide
sequence. HCMs consist of a natural metal-coordinating residue,

&“’3= &:3 ‘4\9

o e
Figure 4. Comparison of stapling techniques. Ranking of various

“stapling” classes according to Fairlie and al.>: lactam (a), hydrocarbon
(b), aryl (c), perfluoroaryl (d), thioether (e), and “click” triazole (f).

such histidine (His), at position i and an unnatural bi-dentate
chelating group, such as 8-hydroxyquinoline (Quin), attached to the
side chain at position i + 7.%%Upon metal (Zn) coordination, a
peptide that mimics the BH3 domain of the pro-apoptotic protein
Bax has been shown to enhance a-helix content. As a final example,
mention is given to the hydrogen bond surrogates (HBS) approach,
which involves simple substitution of an intramolecular i—i+4
hydrogen bond by a covalent linkage. This reaction has been
optimized by Arora and co-workers using microwave-assisted ring-
closing metathesis® and used to develop inhibitors of the interaction
between the CH1 region of co-activator protein p300 and the C-TAD
domain of hypoxia-inducible factor 1 R (HIF-1 R), involved in the
expression of vascular endothelial growth factor (VEGF) or VEGF
receptor®. The same research group has mimicked a fragment of Sos
factor, stabilizing the helix with the HBS method to inhibit the Ras-
Sos interaction, involved in the cancer-related aberrant receptor
tyrosine kinase (RTK) signaling. ®*An alternative is provided by the
use of restricted templates positioned at the N-terminus of a peptide
that can induce helicity. This was first proved through a restricted di-
proline as N-capping® and confirmed recently through scaffold
ProM-5, a Pro-Pro analogue made rigid by means of an ethylidene
bridge.®

2.2.4 B-Hairpin-stabilized peptides. Protein recognition mediated
by peptides also involves another diffuse secondary structure,
namely [B-hairpins. This structure normally comprises two
antiparallel B-strands connected by a turn or a loop sequence. Many
strategies have been devoted to enhancing the stability of these
hairpins in order to modulate PPls. The main aim was to develop
peptide epitope mimetics by introducing a constrained template, by
head-to-tail cyclizing or by connecting the strands with di-sulfide
bridges. % In addition to targeting cell membrane receptors and
protein-RNA interactions, and mimicking vaccine, [-hairpin-
stabilized peptides have shown potential to modulate PPIs by
mimicking an a-helical epitope in the N-terminal segment of the p53
protein and binding with nanomolar affinity to MDM2 (Figure 5).¢
Stabilized B-hairpins have been used to construct a new class of
highly efficient binding peptides, aptides (Figure 6), inspired on the
structure of antibodies and that have shown affinity in the nanomolar
range with slow dissociation rates against several targets.®®An
unusual PPl has been targeted by the aptide (APT), which involves
the unfolding of the fibronectin extradomain B (EDB) and the
displacement of the intramolecular B-sheet by an intermolecular
one.® This modification perturbs the interaction of EDB with the

ChemComm., 2014, 00, 1-3 | 5
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FN8 domain of fibronectin, which is involved in cell adhesion and
movement.

Figure 5. B-Hairpins as mimetics of a-helix. Interaction between
MDM2 and an a-helical epitope in the N-terminal segment of p53 [PDB
3DAC] (a), and interaction between MDM2 and the B-hairpin-stabilized
peptidomimetic [PDB 2AXI] (b).

2.2.5 Bicyclic peptides. Rigidifying the structure of PPI modulators
has been shown to improve their binding affinity/specificity and
metabolic stability, as is the case of bicyclic peptides. Generally,
bicyclic peptide inhibitors have been discovered by HTS of libraries
generated by phage or mRNA display, as will be covered in detail in
Sections 2.3 and 2.4. To guarantee chemical diversity, many
synthetic strategies following a rational design approach have been
developed, sometimes adding an extra-rigid element to the construct,

C terminus
{ €
£
§ .
‘: (j Leucine Trlp.tophan
“‘ ‘1 zipper zipper
€ et
*/
¢
(S 4
&
& =
& Fon
C@" reglon (Library)
N terminus N terminus N terminus C terminus
b-ZIP Aptide

Figure 6. Aptides are bio-inspired designed high affinity peptides. In
this prototype, the Trp-Trp-induced B-sheet scaffold confers secondary
structure stability, while the N- and C-terminal moieties guarantee
diversity for affinity optimization.

like in the case of triazole-bicyclic peptoids.”® Recent examples are
the synthesis of an 11-residue peptide macrocycle that binds the Src
homology 2 (SH2) domain of growth factor receptor-bound protein 2
(Grb2)™ and also the synthesis and screening of large combinatorial
libraries based on the use of planar trimesic acid as a scaffold for the
inhibition of tumor necrosis factor-o (TNFa) dimerization. "> The
same group has published a novel approach to produce bicyclic
peptides containing a cyclic segment of a cell-penetrating peptide
(CPP) and a cyclic inhibitor of protein-tyrosine phosphatase 1B
(PTP1B).”® This bicyclic system renders the impermeable PPI
inhibitor permeable and retains the same uptake- enhancing feature
when applied to other cases.”™

6 | ChemComm., 2014, 00, 1-3

2.2.6 B-Peptides and peptoids. The introduction of chemical
modifications has been applied to peptides especially to improve
their stability to proteolysis, but retaining the binding propriety,
mainly connected to the folding of the peptide-mimetic. A successful
example is given by B-peptides, oligomers of B-amino acids, a class
of foldamers that can adopt well-characterized secondary structures,
spreading from 8-helix, 10-helix, 12-helix and 14-helix. Seebach™,
Schepartz’® 7" and Gellman™ ™ groups have focused their research
on the understanding of B-peptide and o and B-peptide mixture
structure, and have applied them to target PPI, such as MDM2-p53.
Peptoids are oligomers of N-alkyl glycine where the side chain is
attached to the backbone nitrogen instead of the a-carbon. They
adopt predictable conformations and are resistant to proteolytic
degradation. As linear or crosslinked® sequence, they have been
used to target PPI, such as again MDM2/p53%, but also protein
receptors. More recently, peptoids mixed with a-peptides
(pgzptomers) where used to bing polo-box domain of polo-like kinase
1.

2.2.7 Mini-protein and “grafted” peptides. One method by which
to enhance the selectivity and affinity for PPI is to explore larger
surfaces, mimicking the regular recognition feature of a protein
receptor or an antibody. In this context, DARPins (Designed
Ankyrin Repeat Proteins) play an important role by mediating
several PPls in nature. In fact, these genetically engineered
antibody mimetics exhibit highly specificity and high affinity in
protein binding and they have already been used in cancer therapy,
thus showing great potential for further applications. The example of
small proteins able to perform the same action as large ones has
prompted their applicability also in the field of protein recognition
and PPl modulation, leading to the expression or synthesis of
modified miniature proteins or mini-proteins. Nature provides a
specific structural model in this regard, represented by cyclotides,
plant-derived disulfide-rich mini-proteins. Because of their size and
stability, cyclotides find particular applications in the modulation of
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Figure 7. “Grafted” peptides are a strategy to display diverse binding
epitopes. Some cyclotides, such as kalata B1 [PDB 2F2J], have been
used as scaffolds for incorporating a range of epitopes, obtaining grafted
peptides with novel biological activities.®*

r—

/
I
[}
\
\

PPIs. 8 In addition to their intrinsic activities, cyclotides have been
used as scaffolds for the introduction of epitopes with biological
activities, thus obtaining a new class of molecule called “grafted”
peptides (Figure 7). This approach led to the discovery of the
engineered grafted cyclotide MCo-PMI to antagonize intracellular
p53 degradation. This peptide shows high stability in human serum
and is cytotoxic both in vitro and in vivo.®® In this case, the great
advantage is the high permeability of some of these cysteine-rich
scaffolds, as recently reported.®® Other mini-protein scaffolds have
been used for the same purpose, such as the Avian Pancreatic
Polypeptide (aPP), which was grafted to an active epitope for
MDM?2 recognition.!” In that paper, Schepartz and co-workers
coupled the approach to phage-display selection, thus demonstrating
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the huge potential in the PPI field. Re-engineering and mutation
studies were used to discover novel mini-proteins to inhibit the
interaction between androgen/estrogen receptor and their co-
activators.®® Finally, a combination of phage-display and molecular
grafting led to the discovery of a highly specific mini-protein,
targeting the membrane protein D114, that interacts with Notchl
receptor to promote the vascularization of cancer cells. %

2.2.8 Photo-switchable inhibitors of PPIs (PIPPIs). Since PPIs are
precisely orchestrated in cells, the advantage of complementing the
pharmacological selectivity of peptide inhibitors with a means of
controlling their kinetics and site of action has recently been
underlined. This possibility has been explored by regulating the
activity of PPI inhibitors with light, thus controlling their effects
with spatiotemporal patterns of illumination. Photo-sensitive cross-
linkers were introduced in peptides to regulate their structure® and
to modulate_their binding properties.”" ** Recently, we have
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Figure 8. Traffic light peptides (TLs) to modulate PPIs. TLs (a) are
cell-permeable photo-regulators of PPIs involved in CME, as shown
by FP competition assays (b). This propriety confers ‘stop’ and
‘go’ signals to control membrane endocytosis, thus allowing the
spatiotemporal patterning of membrane receptor internalization in
living cells.®®

developed photo-switchable peptides to control clathrin-mediated
endocytosis (CME).” These inhibitors, which we call Traffic Light
(TL) peptides, are cell-permeable photo-regulators of CME that
enable ‘stop’ and ‘go’ signals to control membrane endocytosis,
thus allowing the spatiotemporal patterning of membrane
receptor internalization in living cells (Figure 8). Lately, interest in
the photo-control of PPls is growing, as classical HTS techniques
have recently been applied to design a photo-switchable peptide
library by phage display and ribosome display (see related Section
2.3and 2.4).

2.3 Phage Display
The use of biological techniques for drug discovery is already a

reality. Phage display in particular has been widely used to
build diverse peptide libraries for HTS, and it is a common tool

This journal is © The Royal Society of Chemistry 2014
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in the field of PPl modulation. The features and advantages of
this procedure, such as the high mutability rate, complemented
by the “affinity selection” are known®*. This review aims to
focus on the latest modification that has amplified the potential
of phage display. In particular, the introduction of small linkers
on phage displayed peptides—thereby adding chemical
diversity with the aim to mimic the epitopes of folded
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Figure 9. Genetically encoded light-responsive library. Light-sensitive
cross-linkers have been introduced on a phage display library to select
light-responsive protein binders. Adapted with permission from (ACS
Chem. Biol. 2014, 9, 443-450). Copyright (2014) American Chemical
Societv.

proteins—has led to a new generation of encoded combinatorial
libraries.®® Chemical modifications were further explored by
means of introducing light-sensitive cross-linkers on the
phage® and adding light-driven phage selection® (Figure 9).
Another amplification of this technique is the proteomic-
peptide  phage display (ProP-PD), which  couples
bioinformatics, oligonucleotide arrays, and peptide phage
display to explore the interactome of human PDZ domain,
applied in particular to study cellular and pathogen-host PPIs.%
Phage display has also been used to find the perfect mimetic of
natural proteins in PPls. This is the case of the C-terminal of
Nedd8, whose high affinity mimetic was found by selective
selection over NAE (Nedd8-activating enzyme), providing an
inhibitor of this post-translational modification.®

2.4 Ribosome Display

The limitations derived from creating a random peptide library
in living cell have been addressed by the development of in
vitro techniques, such as ribosome display and mRNA display,
which guarantee the same high diversity of phage display but
improved efficiency.'® This technology relies on non-covalent
ternary polypeptide-ribosome-mRNA complexes, which ensure
the coupling of genotypes and phenotypes and does not require
transformation. Using this approach, a complex library of
1.2x10™ independent members based on the scaffold of amino
acids T20-V109 of protein D has been developed.'® Similarly
to what we have described in Section 2.3, the possibility of
incorporating non-canonical amino acids in ribosome display

ChemComm., 2014, 00, 1-3 | 7
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has led to the preparation of a photo-responsive peptide
aptamer. t-RNA carrying azobenzene-coupled lysine was used
to prepare an azobenzene-containing peptide library, which
recognizes a protein target. °> More recently, ribosome display
has been used to screen the estrogen receptor surface, leading to
the discovery of novel proline-rich peptide binders.'%

2.5 mRNA display.

One of the most important advances in peptide library
preparation through bio-techniques is the synthetic
reprogramming of the genetic code, which allows the
simultaneous introduction of multiple non-proteinogenic amino
acids in the peptide sequence. The techniques involves the use
MRNA display combined with mutant aminoacyl t-RNA
synthetase enzymes, which catalyze the aminoacylation of the
RNA strand containing the anticodon sequence for a given
amino acid.’® Suga and coworkers have channeled great effort
into developing a more versatile aminoacylation catalyst,
obtaining types of “flexible tRNA acylation ribozymes”
(flexizymes) that are active in a specific combination with
leaving groups for the preparation of acyl tRNAs (Figure 10).

rigid molecule screening, while the high level of flexibility in
protein-peptide interactions limits their use in this field. However,
reliable computational approaches have been developed to model
this kind of interaction. '® An elaborate framework for in silico
selection of candidate inhibitory peptides for protein interactions has
been recently reported.™™® It combines the screening of linear
segments on interfaces of globular proteins (using the Rosetta
modeling framework), peptide docking experiments (using a specific
protocol for flexible peptides), and energy funnel analysis, finally
applied to the EphB4-EphrinB2 interaction. Molecular dynamic
simulations have also been used to predict the inhibition of short
peptides (B-sheet breakers) that mimic the 17-21 region of the Ap1—
40 over the AP1— 40 peptide interaction in water.*** A computational
approach has also led to the discovery of inhibitors of the Ubiquitin
E3 Ligase-SCFFbx4 to control TRF1 degradation, a process
involved in telomerase activity. 2

2.7 Fragment-based Discovery

The fragment-based approach is now widely used in the
pharmaceutical industry, since it allows novel areas of chemical
space to be explored more efficiently, even when the initial hits have
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Figure 10. Flexizymes allow the expression of non-standard peptides. Code reprogramming is achieved by the acylation of tRNA by flexizymes in
combination with specific leaving groups. The expression of peptides with non-proteinogenic amino acids is performed with a FIT system. Adapted

with permission from (Nat. Prot. 2011, 6, 779-790).

These entities are used with an appropriate translational system,
where some codons are emptied by excluding the chosen
proteinogenic amino acid (“vacant codon” ) and reassigned by
supplying the desired Xaa-tRNAs capable of reading the vacant
codons, thus allowing the synthesis of proteins and peptides
incorporating several unnatural amino acids (Figure 10).'%4 1%
Recent examples of the great potential of mMRNA display in the
discovery of high affinity protein binders are the isolation of
unnatural cyclic peptides that bind the protease thrombin with
low nanomolar affinity'% and the identification of macrocyclic
peptides that antagonize VEGFR?2 activity in living cells.*”’

2.6 In silico Screening

The advances in protein structure characterization by crystallography
or NMR have allowed the application of computational methods for
the design and virtual screening of drug candidates against desired
PPIs.%® In silico selection is a common procedure in small semi-

8 | ChemComm., 2014, 00, 1-3

low affinity. ** A single fragment, in fact, will not normally disrupt
PPls, but can be tethered to other fragments and optimized into
potent lead molecules. Fragment screening is divided into two
stages: a preliminary phase by SPR or other fast-response techniques
(such as virtual screening), and a second one in which a more
focused validation of the hits is performed by X-ray crystallography,
NMR, or ITC to obtain more specific information on the binding.
One limitation is the difficulty in growing the fragment into a mature
ligand directly at the protein interface. This approach is followed
mainly to find small molecule inhibitors of PPIs, but it can also be
useful to identify peptide inhibitors, pursuing the construction of
hybrid peptides characterized by the presence of unnatural elements.
This is the case of a novel stapled helix peptide inhibitor of 70N
protein, which was discovered by identifying the amino acids that
bind to the “hot spots” though a fragment-based approach and by
selecting unnatural amino acids to substitute them.*® The application
of this method is highlighted in other two examples recently
reported: the first is the discovery of peptides to target the interaction

This journal is © The Royal Society of Chemistry 2014
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between the tumor suppressor BRCA2 and the recombination
enzyme RAD51, the latter involved in DNA repair*** 1*%; and the
second is the finding of metallo-peptides to inhibit the interaction of
CAL PDZ domain (CALP) with the cystic fibrosis transmembrane
conductance regulator (CFTR).!

3. Peptides and PPI: evaluation of binding in vitro/in
living cells.

Another bottleneck regarding PPI inhibition, as in medicinal
chemistry research in general, is the evaluation of the effective
binding of selected candidates to the target protein, and
therefore the measurement of their inhibitory capacity. Many
techniques have been applied to evaluate PPIs in vitro,
especially when addressing the development of a reliable HTS
methodology. Of these, Fluorescence/Chemiluminescence
(Section 3.1) is probably one of the most useful; Nuclear
Magnetic Resonance (NMR), Surface Plasmon Resonance
(SPR) and Isothermal Calorimetry (ITC) are also commonly
reported in literature, as described respectively in Sections 3.2,
3.3 and 3.4. Because of the extensive literature on these
subjects, this review will focus specifically on their most recent
applications in peptide discovery, exploring newer technical
alternatives such as Surface Acoustic Wave (SAW) in Section
3.3 and Microscale Thermophoresis (MST) in Section 3.4.
Finally, the urgent need for and effort channeled into
“visualizing” PPIs and their inhibition by small molecule and/or
peptides in living cells, prompted us to dedicate a special
paragraph to Microscopy (Section 3.5).

ChemComm

3.1 Fluorescence/Chemiluminescence

Fluorescence labelling of proteins and peptides has been
extensively used in the detection, identification, and evaluation
of PPIs. “Direct” modification in wavelength and/or
fluorescence intensity can be used; however, “indirect”
fluorescence phenomena can also be detected, such as the
Fluorescence Polarization (FP) or the Fluorescence Resonance
Energy Transfer (FRET). In the first case, an interesting
approach is the application of PDZ domain-mediated
interactions of probes based on natural peptide ligands
connected to an environment-sensitive fIPDZ domain.™® FP has
been extensively applied to many PPIs, in particular when used
in competitive assays, which avoid the time-consuming
synthesis of fluorescence-labelled libraries to be screened. FP is
based on the modulation of the anisotropy value when the
sample is treated with polarized light. The increment of
molecular weight caused by the interaction with a protein of a
small fluorescent-labeled compound corresponds to high
values, while the interaction disruption corresponds to low ones
(Figure 11a). FP has recently been coupled to “tethering” to
identify peptide fragments that disrupt the PPI between the KIX
domain the transcriptional activator peptide pKID.*" FRET is
based on the overlap of the donor fluorescence emission
spectrum with the acceptor excitation spectrum of the two
labels coupled to the interaction partners (Figure 11b). The
expression of fused fluorescence-labeled proteins guarantees
the detection of PPIs with standard fluorescence spectrometers,
but also their visualization in cell compartments through
microscopy (see Section 3.5). A recent example of the potential
of FRET in PPI evaluation is the optimization of a HTS steady-
state assay for the Nrf2-Keapl interaction using a 16-mer

a b
Polarized Light Competmve = FRET Acceptor q
e VO (e
J FRET Donor
[ Low FP signal ] [ High FP signal ] [ Low FP slgnal ] [ No FRET signal ] [ FRET signal ]

Capture e
Antibody | |

-

. )
Biotinylated Anti-GS Conjugated
Streptavidin-coated  Protein  GST-tagged  Aipha Acceptor Bead

Alpha Donor Bead Protein

*5. Antibody

Substrate <> ’)

Fluorescence
W /Chemiluminescence
signal

Detection

HRP

1
Exciing Light 02

A\
/ ”“\ \

’n\\

Figure 11. Fluorescence/Chemiluminescence are the methodologies most commonly used for the validation of PPl modulation. Fluorescence
polarization [FP] as a direct and competitive binding assay (a). Fluorescence resonance energy transfer (FRET) technique (b). Enzyme-linked
immunosorbent assay (ELISA) technique (c). Amplified luminescent proximity homogeneous assay screen (ALPHA Screen) technique (d).

This journal is © The Royal Society of Chemistry 2014

ChemComm., 2014, 00, 1-3 | 9



ChemComm

peptide fused with CFP (Cyan Fluorescent Protein) as probe for
the screening.® Enzyme-linked immunosorbent assays
(ELISAs) works by immobilizing one of the partner proteins to
a surface and by detecting the amount of the second partner
protein after incubation. The detection requires the presence of
a specific antibody, recognized by an enzyme-coupled
secondary antibody responsible for the detection signal, from
chromogenic, fluorescent to chemiluminescent read outs
(Figure 11c). Amplified luminescent proximity homogeneous
assay screen (ALPHA Screen) and the ELISA analogue
ALPHAIlisa represent the latest advances in proximity-
fluorescence-based assay. Both protein partners are connected
to beads. The donor bead brings a photosensitizing
phthalocyanine, which releases singlet oxygen after excitation.
The singlet oxygen is able to diffuse in solution within a radius
of 200 nm (broader windows when compared with FRET) to
the acceptor bead, which emits the detection signal (Figure
11d). Although the technology is still relatively expensive
(protein modification and specific reader machine), it is highly
reliable and useful in HTS and has been successfully applied to
peptides evaluation for STAT family proteins®*® and integrase-
LEDGF/p75 interactions.”®® A curious aspect we wish to
underline is the recent use of peptides as a functional tool to
improve the performance of fluorescent-based assay
technology. Two examples are the WW and SH3 peptides used
as “helper-interaction module” when added to FRET
fluorophore pairs to improve the narrow range of FRET-
permitting distances (<10 nm), and applied to the Ras-Rafl
interaction.’®® In another case, octreotide (a somatostatin-like
cyclic peptide) affinity for graphene, and consequent quenching
of the fluorescein signal when coupled to it has been used to
develop a sensor for the detection of somatostatin receptor in
cancer cells.’?

3.2NMR

Among the reported techniques, NMR is the only one that gives
specific information at atomic resolution on the structural
nature of PPIs or on protein-peptide interactions. However,
NMR is limited by the use of isotopic enriched complexes, by
the time required for bi-or tri-dimensional experiments, and by
the high amount or concentration of protein needed.’®
Nevertheless, some NMR-based methods have great potential
to identify PPl modulators, even in HTS. Chemical Shift
Perturbation (CSP), transferred Nuclear Overhauser Effect
(trNOESY), interligand NOEs, Target Immobilized NMR
Screening (TINS), 19F-NMR screening and Saturation Transfer
Difference (STD) have been extensively reviewed elsewhere
and applied to a large number of systems.®?” A recent
application of STD led to the evaluation of a peptide library for
the modulation of p53-Mdm2 and VEGF-VEGFR1.'? “Grafted
proteins” offer the possibility to tackle the high protein
concentration problem in NMR sample and have been
successfully explored for PDZ-domain and its C-terminal
peptide protein partners.’®® The use of 13C-Methyl SOFAST
HMQC experiment allowed important gains in terms of signal-
to-noise and the evaluation of the interaction of cognate
peptides using less than 500 pg of protein.

3.3 Label-free on-surface assays: SPR and SAW

SPR is a label-free method commonly used in drug discovery.
However, one of the interaction partners, often the protein over

10 | ChemComm., 2014, 00, 1-3

the peptide, needs to be anchored to a gold chip. When excited
with polarized light, the coated chip absorbs part of the energy,
reflecting a beam at a specific angle (SPR angle). The
interaction with the protein partner or binding peptides alters
this angle, providing the kinetics and the binding affinity of the
interaction (Figure 12a). In addition to the direct binding assay,
surface competition assays or inhibition in solution assays have
been performed, mainly to eliminate the possible alteration of
affinity resulting from the immobilization.™*® In some cases, the
best results come about from immobilizing the smaller partner,
which means high costs and a time-consuming procedure.
These limitations have been partially solved by the
development of a bi-modal imprinting chip, which transfers the
peptide from the screening bead to the SPR chip, leading to the
peptide binders for the hemagglutinin A-antibody AHA
interaction.’®*An alternative is the expression of His-tag or
biotinylated peptides that have been screened by SPR for the
interaction between Plasmodium falciparum aldolase and
thrombospondin-related anonymous proteins (TRAPs).**2 The
same principle is used in SAW, where the mass change on the
gold chip surface is translated into shifts of phase and
amplitude of the exciting acoustic wave (Figure 12b). The main
advantage of this technique is the combination of the SAW
biosensor with mass spectrometry, which amplifies the
potential for PPl evaluation.®®® SAW has not been applied
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Figure 12. Label-free on-surface methodologies are often used in
the first step of binder validation. Surface Plasmon Resonance
(SPR) technique (a). Surface acoustic wave (SAW) technique (b).

specifically to peptide screening, but a starting point is given by
the study of protecting factor humanin and B-amyloid peptides
involved in Alzheimer disease’®* and the epitope identification
of tyrosine-nitrated peptides derived from prostacyclin
synthase.®

This journal is © The Royal Society of Chemistry 2014
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3.4 Label-free off-surface assays: I'TC and MST

ITC is commonly used as a secondary screening technique
since it has the capacity to provide thermodynamic information
of the PPl under study.’® It is, in fact, based on the
measurement of temperature changes during the protein/peptide
titration, and therefore during an exothermal or endothermal
interaction. The values are correlated to the enthalpy and
entropy contribution to binding affinity. The time-consuming
experiments and the large amount of protein needed for the
titration have been tackled with the development of NanolTC,
which is characterized by higher sensitivity in a shorter time
and with lower sample concentration. In contrast, MST is a
novel and highly sensitive technique that provides affinity and
thermodynamic information of the interaction using a small
amount of protein partners. MST is based on thermophoresis,
the directed movement of molecules in a temperature gradient,
which strongly depends on a variety of molecular properties

IR Laser

Temperature gradient

Figure 13. Microscale thermophoresis (MST) is one of the latest
methods to be applied to PPI evaluation. The use of label-free off-
surface techniques reduces the risk of inadequate evaluation caused by
chemical modifications of the protein.

such as size, charge, hydration shell, and conformation (Figure
13). It is a immobilization-free method, which distinguishes it
from SPR; however, in several applications non-specific
fluorescent-labeling is needed, especially in cell lysate
analysis.’® However, label-free MST is possible using highly
sensitive instrumentation to detect the intrinsic protein
fluorescence and it has been shown to allow reliable binding
evaluation.’® MST has recently been used to evaluate the
inhibitory capacity of peptides in the N-type Ca®*" channels
(Cav2.2) and axonal collapsin response mediator protein 2
(CRMP2) interaction, involved in pain hypersensitivity.'*
Another case reported is peptides derived from the voltage-
dependent anion channel (VDACL1), which interacts with Bcl-x,
and is implicated in the control of apoptosis.**°

3.5 Microscopy

In this last section we would like to mention the current uses of
microscopic techniques to detect and evaluate PPIs, and also
peptide-peptide interactions, and peptide-protein interactions.
The development of Single Molecule Force Spectroscopy using
Atomic  Force  Microscope  (AFM-SMFS), reviewed
elsewhere'®!, has led to the visualization of protein ensembles,
DNA-protein complexes, and also peptide-protein interactions,
as for domain | of integrin with synthetic collagen-related triple
helix peptides.* One of the main applications has been the
study of amyloid peptide assemblies on membrane surfaces.*?

This journal is © The Royal Society of Chemistry 2014
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This technique can be also extended to living cell membrane
systems, as recently reported for the effect of anti-EGF
antibody on the HER2-modulated EGF-EGFR interaction.**
Some drawbacks are also encountered in this method. In
addition to the sample—surface interaction, the tip-sample
interaction may limit analysis and lead to artifacts. Moreover,
AFM can be used only in a few cellular studies. However,
single molecules can be extended to the imaging when coupled
to other spectroscopic techniques, such as in the case of single
molecule-FRET or single molecule-TIRF (total internal
reflection microscopy). The feasibility of improving the
visualization of PPIs in cells, thus studying their dynamics and
reaction in response to drug treatments, is unquestionable. The
same objective has recently been pursued in bacteria, where the
use of a far-red/near-infrared (FR/NIR) fluorescence light-up
probe allows the detection and visualization of specific
protein/polyprotein-peptide  interactions  using  confocal
microscopy.

Conclusions

PPI modulation is one of the hot topics in diverse fields of
recent research, ranging from biochemistry to chemical biology
and pharmacology. For many years the focus has been on
finding strong inhibitors against intracellular PPIs through the
screening of small molecules. More recently, the development
of new techniques for the identification and evaluation of these
molecules has hugely extended the field, highlighting the
potential of peptides as competitive alternatives. The
introduction of remotely controlled PPI inhibitors, as in the case
of PIPPIs, offers a very interesting portfolio of applications,
such as in the dissection of the role of PPIs in cell biology. A
less explored approach that can lead to effective results is the
possibility of stabilizing PPIs rather than inhibiting them, as
occurs in several examples in nature. To date, this option has
been addressed only with templating ligands* or with small
molecules’*®; however, it offers potential applications to
peptides.

In addition to the advantages already described, peptide PPI
modulators still present several drawbacks as drug candidates—
these related in particular to pharmacodynamic and
pharmacokinetic issues. In spite of these limitations, more than
200 peptide drugs and homologous compounds (proteins or
antibodies) containing peptide bonds are (or have been) on the
market10, and many companies are now devoted to peptide
discovery. Addressing issues such as proteolytic degradation
and poor cell internalization are currently the main objectives
pursued by several research groups, and a number of solutions
have been provided. Improved stability in vivo has been
demonstrated by modifying the peptide backbone, introducing
for instance B-amino acid residues.'*” Another example is given
by the now consolidated class of CPPs'*® 14° which have been
used as drug delivery systems'®®. The use of peptides as
“shuttles” across cellular barriers has been also applied
specifically to the blood-brain barrier (BBB) **"** as an option
to tackle the difficult delivery of drugs to the central nervous
system. While many issues are yet to be solved, the growing
interest in peptide PPl modulators, which is reflected in the
increasing number of publications, attests the relevance of this
research field and the feasibility of accomplishing challenging
milestones in the next decade.
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