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Abstract

Protein-protein interactions (PPIs) are particularly important for controlling both physiologic and
pathologic biological processes but are difficult to target due to their large and/or shallow
interaction surfaces unsuitable for small molecules. Linear peptides found in nature interact with
some PPIs, and protein active regions can be used to design synthetic peptide compounds for
inhibition of PPIs. However, linear peptides are limited therapeutically by poor metabolic and
conformational stability, which can compromise their bioactivity and half-life. Cyclic
peptidomimetics (modified peptides) can be used to overcome these challenges because they are
more resistant to metabolic degradation and can be engineered to adopt desired conformations.
Backbone cyclization is a strategy that we developed to improve drug-like properties of linear
peptide leads without jeopardizing the integrity of functionally relevant side-chains. Here, we
provide the first description of an entire approach for developing backbone cyclized peptide
compounds, based upon two straightforward ‘ABC’ and ‘DEF’ processes. We present practical
examples throughout our discussion of revealing active regions important for PPIs and identifying
critical pharmacophores, as well as developing backbone cyclized peptide libraries and screening
them using cycloscan. Finally, we review the impact of these advances and provide a summary of
current ongoing work in the field.
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1.1. Introduction

Protein-protein interactions (PPIs) direct most of the processes in living cells. Signal
transduction, cell cycle, apoptosis, metabolism, and proliferation are only a few examples of
the fundamental functions regulated by PPIs. The importance of PPIs is demonstrated by
their frequent dysregulation in disease [1] and is also reflected by the large number of
studies dedicated to this subject, some of which are described in the following reviews [2-4].
Functional and structural studies of PPIs facilitate the characterization of these interactions
at the molecular and cellular levels, and also provide sources for drug design.

Using computational prediction, rational design, genetic tools, structural data, and/or peptide
libraries, peptides and truncated proteins can be derived from a specific protein binding site
and can serve as competitive inhibitors of PPIs, which we focus on here. A significant
advantage of peptides derived from protein binding surfaces as competitive inhibitors is that
a small library developed from the protein interface can be generated without the need for a
larger, untargeted library of heterogeneous molecules. In addition, modifying these peptides
to optimize bioactivity (e.g. introduction of post-translational modifications), attaching
labels (e.g. biotin or fluorescein isothiocyanate (FITC)), and improving stability (e.g.
incorporation of non-natural amino acids and/or cyclization) is usually straightforward.
Current methods for peptide synthesis and purification can be automated with high yield,
purity and scale. As a result of these qualities, peptides derived from protein binding
surfaces are ideal candidates for developing competitive inhibitors of PPIs.

The conversion of protein active regions into peptide-based drug-like molecules for PPI
inhibition remains a significant challenge for medicinal chemists and the pharmaceutical
industry. Although peptides have the desired characteristics needed to study and target PPIs,
their unfavorable pharmacokinetic (PK) and pharmacodynamic (PD) properties, such as
rapid metabolism, poor bioavailability and nonselective receptor binding, limit their broader
use as drugs [5]. Thus, it is challenging to obtain a biologically active peptide with a desired
stable structure based on a bioactive protein domain. One way to restrict the conformational
space and stabilize the structure of a peptide is to use long peptide sequences, though this
approach raises additional obstacles for synthesis, purification and solubility and it can be
used only in cases where the structure is known.

Peptidomimetics (henceforth referred to interchangeably with peptides for simplicity) are
modified peptides designed to maintain the biological function of the parent linear peptide,
while simultaneously addressing the associated undesirable pharmacological properties [4,
6, 7]. Many types of modifications have been introduced to develop peptidomimetic
compounds with improved pharmacological properties; these include local modifications,
such as the incorporation of non-natural amino acids, as well as global modifications, such
as, polypeptide chains that contain a circular sequence, or cyclization [7-11]. Cyclization is
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one of the most common strategies used to convert peptides into active pharmacological
agents and drugs [12-16]. Along with improved pharmacological properties, cyclization also
provides conformational stabilization and thus enables the formation of short structured
formats that maintain the bioactive conformation [17, 18]. Several common cyclization
strategies include metal cyclization [14, 19], metathesis-mediated cyclization [13, 20, 21],
amide cyclization [12], and disulfide bridge cyclization [22, 23]. However, restricting the
conformational space of peptides by the above-mentioned methods often results in reduced
activity since bioactive residues are frequently used for cyclization or are entirely replaced
by residues that allow cyclization. Since cyclization restricts the conformational space,
cyclic peptides may lose their bioactivity because they are no longer capable of attaining the
proper bioactive conformation. Thus, libraries must be screened to select cyclic peptide(s)
that retain the desired biological activity [24, 25].

The backbone cyclization methodology that we introduced enables development of cyclic
peptides without utilizing the residues that are part of the natural linear peptide. Specifically,
backbone cyclization enables the preparation of cyclic peptide libraries without altering the
functional groups of the side chain residues that are essential for bioactivity in the parent
linear peptide [26]. This feature is extremely important when all the functional groups in a
peptide sequence are essential for the biological activity and thus unavailable for cyclization
[16]. In addition, backbone cyclization is an ideal strategy to explore the conformational
space of cyclic peptides using the conformational library approach called cycloscan.

Here for the first time we describe an entire process for backbone cyclized peptidomimetic
development, from identifying a protein active region to generating a backbone cyclic
pharmacological agent, all with step-by-step considerations. The resultant molecules can be
used as selective tools in basic research and for further study as drug leads.

2.1. Historical perspective

Peptides and proteins are key players in most diseases; hence, they are the basis for the
development of many therapeutic compounds. In 1990, the cumulative number of approved
peptide drugs was 28, most from natural sources. The pharmaceutical industry was reluctant
to develop new peptide-based drugs due to the unfavorable PK and PD properties of
peptides, such as rapid metabolism, poor bioavailability and nonselective receptor activation.
In 1982, Kessler attributed some of these shortcomings (e.g., metabolic instability and lack
of receptor selectivity) to their conformational flexibility [27]. He advocated that cyclization,
which would lead to conformational stability, could overcome these shortcomings.
Experimental evidence for the validity of Kessler’s theorem was demonstrated for
enkephalins, somatostatin, GhRH, CCK, aMSH, and many other peptides in which
cyclization resulted in receptor selectivity and metabolic stability, and in very few cases even
allowed for conformational analysis of the bioactive conformation [26].

During this period, we performed structure activity relationship (SAR) studies on the
tachykinin substance P. We noticed that contrary to other examples described on the success
of cyclization, all attempts to prepare cyclic peptides (including end-to-end, end-to-side
chain and side chain-to-side chain modes of cyclization) that involved the tachykinin
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hexapeptide active sequence X-Phe-X-Gly-Leu-Met-NH, failed (Table 1 in [26]).
Apparently, none of the amino acid side-chains and the terminal carboxamide in this active
hexapeptide could be modified without destroying bioactivity. To overcome this limitation,
we introduced backbone cyclization in which the cyclization is achieved by forming a bridge
from the peptide bond nitrogen. We implemented the concept of backbone cyclization for
the tachykinin active sequence to obtain a metabolically stable, highly selective and
bioactive backbone cyclic analog [28].

The introduction of combinatorial chemistry in the late 1980s and early 1990s [29] led to
evaluation of the backbone cyclization concept in terms of libraries and diversity parameters.
Restricting the conformational space of linear peptides by random cyclization may lead to
many inactive cyclic peptides because they are unable to adopt the proper bioactive
conformation. Since few cyclic peptides based on a given sequence will attain the bioactive
conformation and will be active (Fig. 1), libraries must be screened to select cyclic
peptide(s) that support the bioactive conformation together with desired “drug-like”
properties.

Evidently, the cyclization strategies used at that time, namely end-to-end, end-to-side chain
and side chain-to-side chain, had limited diversity, especially when Cys or Lys/Asp/Glu
were used as side chains for cyclization. Thus, these compounds did not allow for proper
screening of the conformational space of the linear parent peptide lead. However, the modes
of backbone cyclization (backbone N-to-backbone N, backbone N-to-side chain and
backbone N-to-ends) increase the diversity of cyclic peptide libraries. In addition, most
backbone cyclization modes do not involve side chains. This feature is extremely important
when all or most of the functional groups in the active linear parent peptide sequence are
essential for its biological activity.

3.1. The ‘ABC’ and ‘DEF’ processes

We divided the practice of developing backbone cyclized peptides into ‘ABC’ and ‘DEF’
processes, which guide the development of backbone cyclized peptidomimetic lead
compounds. The ‘ABC’ process is a general procedure focused on identifying the protein
interacting region, the bioactive pharmacophore in the interacting region of the target protein
and synthesizing a peptide cyclic library. The initial step in the *ABC’ process is to identify
the Active region that regulates or is involved in the target PPI. Next, a systematic approach
is used to determine the Bioactive pharmacophore(s) in the active region. Finally, using
Cyclic peptide synthesis, a library of cyclic peptides or peptidomimetics all derived from the
native active pharmacophore is developed (Fig. 2). The ‘DEF’ process concerns construction
of the backbone cyclic library, which is done based on the region and pharmacophore
identified in the initial ‘ABC’ system. In the ‘DEF’ process, conformational libraries of
variants with the same amino acid sequence are prepared by altering one or more of several
parameters that determine the conformational space, in order to Define the cyclization mode,
Evaluate the bridge size and position, and Functionalize the bridge chemistry (Fig. 3). These
backbone cyclization and cycloscan techniques were applied to various bioactive peptides
leading to the discovery of metabolically stable and receptor-selective drug leads (for
example, somatostatin [30]). In addition, the above-described technologies have been

Curr Top Med Chem. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rubin et al.

Page 5

successfully applied to target active regions in proteins for generating drug leads that inhibit
specific PPIs.

3.2. Identifying an active region important for protein-protein interactions

Generally, a small number of residues comprising a protein’s active region are responsible
for the vast majority of its interactions with binding partners [31, 32]. It is critical to define
the active region responsible for a PPI in order to conduct an informed, targeted scan and
characterization of the focused sequence (‘ABC’ step A, Fig. 2). This is especially
worthwhile because PPI binding sites are often larger and far more complex than small
ligand binding pockets. Depending on the target and level of prior knowledge,
computational, genetic and/or structural approaches can be utilized to reveal the active
region.

Computational and bioinformatics analyses can be used to predict active region interaction
sites based on minimal sequence information. A variety of models that incorporate Monte
Carlo simulations, support vector machines, or other approaches have been applied to
identify residue-residue contacts in the surface of interacting proteins. For instance, Ofran
and Rost employed a neural network to identify protein-protein interfaces from sequence
information alone [33]. The authors trained the model on windows of nine residues for non-
redundant proteins with solved structures from the Protein Data Bank (PDB) using feed-
forward neural networks containing back-propagation and momentum terms. The algorithm
identified 34 strongly predicted sites from 333 complexes found in the PDB, 94% of which
were experimentally validated, indicating that prediction of some interaction sites based
entirely on sequence is possible without consulting the solved PDB structures before
prediction of PPIs. However, consideration of sequence homology and evolutionary
conservation can enhance the accuracy and reliability of active region prediction. Amos-
Binks and colleagues developed the protein-protein interaction prediction engine (PIPE)-
Sites algorithm to predict more specific binding sites for PPI partners using re-occurring
polypeptide sequences based only on the sequences for the proteins of interest and a
database of known polypeptide sequence interactions [34]. This model performed superiorly
to domain-domain interaction-based binding site prediction methods in a study of 265 yeast
and 423 human interacting protein pairs with experimentally validated binding sites.
Moreover, incorporation of information from predicted or solved protein structures can
improve the accuracy of predicted binding site active regions further. Computational
methods for protein docking to map interaction surfaces [35] and electrostatic desolvation
profiling (where the average probe desolvation penalty is smaller for residues in binding
sites) [36] are frequently used as the basis for rational design of PPI inhibitors as well as
novel PPI surfaces.

Using tools for genetic manipulation and recombinant expression of protein variants or
polypeptide chains, one can produce, display, screen, and reveal the active region of
interacting protein partners. Genetic deletion can also be used to definitively demonstrate the
necessity of a finite sequence to support a PPI. Yablonski and colleagues introduced
deletions into the sequence of SLP-76, an adaptor protein required for T cell receptor (TCR)
signaling via a PPI with phospholipase C-y1 (PLC-y1), to identify the specific binding site

Curr Top Med Chem. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rubin et al.

Page 6

required for its constitutive interaction with PLC-y1 [37]. The authors recombinantly
produced sequential SLP-76 mutant constructs with either an N-terminal domain deletion,
mutation of three functional tyrosine phosphorylation sites to phenylalanine, a deletion of
the Gads-binding domain (previously known to be responsible for downstream signaling), an
arginine to lysine mutation in the SH2 functional domain, an SH2 domain deletion,
sequential deletions of P-1 through P-4 domains, or a C-terminal domain deletion. They
demonstrated that each of the previously identified SLP-76 domains which contribute to the
PLC-y1 PPI (the N-terminal acidic domain with three tyrosine phosphorylation sites, the
Gads-binding domain within the proline-rich region and the C-terminal SH2 domain) could
be deleted individually without eliminating PLC-y1-dependent SLP-76 function; however,
the 67-amino acid P-1 domain within the proline-rich region of SLP-76 was essential for
maintaining its activity downstream of the TCR by mediating a constitutive PPl with the
PLC-y1 SH3 domain. Moreover, additional genetic approaches for identifying active regions
of protein interaction partners include mutation (e.g. to alanine), which we discuss further in
the following section, and insertion, which has yet to be widely used.

When available, structural data can aid in efficiently defining active regions, especially when
confronted with binding sites consisting of non-sequential residues. Combining
computational methods with the growing number of 3D protein structures, Hugo et al.
described an algorithm called SLiMDIet to detect short linear motifs (SLiMs) that frequently
characterize transient PPIs by domain interface extraction and clustering based solely on 3D
structural data [38]. This method involves extracting and clustering based on structural
interaction interfaces belonging to the same domain from the protein of interest, followed by
structural alignment of the extracted interaction interfaces to reveal the corresponding SLiM.
Thus, SLiM active regions participating in PPIs of interest can be computationally identified
for any protein with protein family database (Pfam) domain annotations and an available
structure in the PDB (Fig. 2).

3.3. Identifying pharmacophores critical for bioactivity

Next, it is important to determine the pharmacophores within active regions that form the
bioactive peptide and significantly contribute to the PPl (*ABC’ step B, Fig. 2).
Thermodynamic studies have demonstrated that despite the significant size difference
between proteins and peptides, the deviation in average thermodynamics of protein-protein
versus protein-peptide interactions is very small [39]. A probable explanation for these
results is that in many PPIs only a small subset of amino acids within the overall interface
contribute substantially to the binding affinity [31, 40-42].

Alanine scanning is a common approach to identify the critical amino acids in the PPI
region. In the alanine scan technique, residues in the target protein are systematically
substituted for alanine at selected positions and the resultant variants are assayed for
function. This substitution eliminates side-chain interactions without significantly altering
main-chain conformation or introducing steric or electrostatic effects. For example, Jin and
coworkers studied the interaction between human growth hormone (hGH) and the
monoclonal antibody 3 (MADb 3). They identified five key pharmacophores for this
interaction: Arg 8, Asn 12, Arg 16, Asp 112, and Asp 116. Using an alanine scan in which
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they mutated up to 16 amino acids to alanine, the authors demonstrated that these
modifications caused less than a 10-fold reduction in binding affinity, compared to mutating
any of the five primary pharmacophores to alanine, which resulted in up to a 500-fold
reduction in affinity. Interestingly, these pharmacophores were so critical that even replacing
them with a homologous residue (/.¢e., Arg to Lys or Asp to Glu) caused nearly as large a
reduction in the binding affinity as the alanine replacement [43]. Another study on the
interaction between hGH and the extracellular domain of its bound receptor (hGHbp) using
an alanine scan identified that although about 30 amino acid side chains from each protein
played a role in the binding interaction, two tryptophan residues accounted for over 75% of
the binding free energy [31]. This data was confirmed by solving the crystal structure of
hGH and hGHbp, which indicated that the hydrophobic patch dominated by two tryptophans
is a central pharmacophore assembled cooperatively and that several other residues
contribute only marginally and indirectly to the binding [32].

Peptide arrays are an additional common technology used to identify pharmacophore(s)
important for PPIs. In this approach, one synthesizes peptides derived from short sequential
sequences of domains involved in the PPI [44]. For example, Colombo and coworkers
identified the binding sequence of fibroblast growth factor-2 (FGF-2) to thrombospondin-1
(TSP-1) using peptide arrays, which they confirmed with binding assays using synthetic
peptides and recombinant proteins. The authors designed peptide arrays based on the
sequence of type Il repeats in TSP-1. They synthesized 237 20-mer peptides with partially
overlapping sequences and covalently linked these molecules to polypropylene cards so that
binding of biotinylated FGF-2 to the peptides could be measured. Colombo et al. identified
an FGF-2 binding sequence for TSP-1 in the 15-mer sequence, D73sDDDDNDKIPDDRDN
[45]. Taraboletti and coworkers used molecular dynamics analysis of the peptide and FGF-2
complex to confirm that the peptide adopted an extended conformation over the FGF-2
binding surface, occupying a heparin-binding site, with favorable electrostatic couplings
between a Lys side chain on the FGF-2 surface and the negatively charged Asp groups of the
peptide [46].

Above, we described the most common approaches to identify the minimal bioactive
pharmacophores in a defined PPI region. This step is crucial for developing bioactive
peptidomimetics, which are designed to overcome the pharmacological limitations
associated with natural linear peptides, such as lack of proteolytic and conformational
stability and low bioavailability. In order to address these challenges, it is critical to identify
the minimum and most important residues for the PPI from which to develop the
pharmacologically enhanced peptidomimetic lead. Further, defining which amino acids are
unnecessary for PPI binding can provide opportunities for modifying positions or
substituting residues with functional groups amenable to cyclization. By replacing only one
or two unnecessary amino acids to perform cyclization, libraries of peptidomimetics in
which all the primary residues required for binding are conserved can be used to screen the
conformational space and identify the bioactive conformation, as we demonstrate in the
following sections concerning backbone cyclization and cycloscan (‘ABC’ step C, Fig. 2
and Fig. 3).
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4.1. Backbone cyclization

Backbone cyclization (‘ABC’ step C in Fig. 2, and detailed by the ‘DEF’ process in Fig. 3)
is achieved through the covalent connection of two backbone amides, one backbone amide
and a side chain functional group, or one backbone amide and the N- or C-terminus using an
artificial spacer [26] (Fig. 3). The utilization of backbone amides for cyclization enables the
conversion of linear peptides into cyclic peptides without the use or occupancy of essential
bioactive pharmacophores. Furthermore, the use of artificial spacers and building blocks
dramatically increases the diversity of possible ring structures and can thus be used as an
efficient tool for conformational screening of a parent linear peptide.

The synthesis of backbone cyclized peptides requires the use of non-natural A+
functionalized amino acid building units. Although A~functionalized building units derived
from all natural amino acids have been reported [47], by far the most commonly used units
are derived from glycine and assume the A*(w-aminoalkyl) glycine format [48-53] (Fig. 4)
due to their relative ease of preparation. These building units have been successfully used to
prepare a variety of different backbone cyclic scaffolds including amide backbone cyclic
peptides, where the building unit was covalently connected to the N-terminus via a
dicarboxylic acid linker [28, 49, 54-56], as well as urea backbone cyclic peptides, where
two building units were connected via a urea bridge [48].

One of the main advantages of backbone cyclization is its suitability for conducting
conformational screening using cycloscan. The use of artificial spacers and non-natural
building blocks also allows for diversification. By changing one or more of the following
four parameters, one can systematically scan the 3D peptide conformational space: (1)
cyclization mode (/.e., backbone-to-backbone (BN-BN), backbone-to-amino terminus (BN-
AE), backbone-to-carboxy terminus (BN-CE), or backbone-to-side chain (BN-SC)); (2)
bridge size, which is comprised of the amino acid sequence within the macrocycle as well as
the artificial bridge used for cyclization (/.e., the type of spacers, such as alkyl, poly(ethylene
glycol) (PEG), etc.). In these bridge size libraries, the length of the linker attached to the
backbone atom is varied (n and m); (3) bridge position, which determines the backbone
atoms that will be part of the bridge and can be chosen arbitrarily based on SAR information
and intuition. For each cyclization mode (e.g., BN-BN, BN-AE, BN-CE, or BN-SC),
focused bridge size and/or bridge position libraries can be generated and screened; (4)
bridge chemistry, defined by the type of chemical functions that exist on the bridge, namely
the chemistry of the bond used for cyclization (e.g., amide, disulfide, urea, etc.). For each
member of the bridge size and bridge position libraries, a bridge chemistry scan can be
performed (Fig. 3).

4.2. Cycloscan: development of backbone cyclic peptides and their

As mentioned above in the ‘DEF’ process, the main considerations for developing backbone
cyclic peptide libraries with conformational diversity are: defining the cyclization mode,
evaluating bridge size and position, and functionalizing the bridge chemistry (Fig. 3). In this
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section we discuss examples of studies in which backbone cyclization and cycloscan
methods have been used successfully, focusing in each example on a different parameter.

In order to construct a conformational library of backbone cyclized peptides, one first needs
to develop the appropriate mode of cyclization (‘DEF’ step D, Fig. 3), which depends
entirely on synthetic capabilities. The most convenient mode of cyclization, and the one
routinely used by us, is the backbone-to-backbone cyclization mode (BN-BN, Fig. 3) since
this does not involve side chains or termini that are essential for bioactivity. Moreover, this
mode of cyclization allows for an exponential number of sub-libraries that enable scanning
for the appropriate bridge size and/or position (Fig. 3).

For example, Tal-Gan et al. designed a focused library of backbone-to-backbone (BN-BN)
urea cyclic peptides aimed at targeting protein kinase B (PKB/AKkt) that have been detected
in many types of cancer. The authors developed backbone cyclic library based on a series of
peptides derived from the protein glycogen synthase kinase 3 (GSK3, a PKB/Akt substrate),
which demonstrated bioactivity and specificity as PKB/AKkt inhibitors [57]. The authors
positioned one building unit at the C-terminus and the second unit replaced the Pro residue
located immediately prior to the N-terminal Arg. Screening members of this library /n vitro
led to characterization of two analogs, compound 43 and compound 46, that were ten-fold
more active than the parent linear peptide (ICsg = 0.16 and 0.17 UM, respectively) (Fig. 5)
[49].

Another important factor for constructing a conformational library of backbone cyclized
peptides is evaluating the bridge size (‘DEF’ step E, Fig. 3). Bridge size is a highly common
parameter to vary and screen for in the conformational space of backbone cyclic peptides,
using libraries assembled from building units with spacers of different lengths. Moreover,
bridge size and position allow one to generate an exponential number of sub-libraries that
enable scanning for the most bioactive and stable backbone cyclic peptide (Fig. 3). For
example, Qvit et al. designed a focused library of backbone cyclic peptides to mimic the
inhibitor kappa B protein, which binds nuclear factor kappa B (NF-xB). In this case,
conformational screening was conducted by altering the bridge size through the use of
building units of different lengths at the N- and C-terminal positions. One novel backbone-
cyclized peptide, 1xB31_37 (PBC-2,3), prevented the release of NF-xB /n vitro, achieving
approximately 90% inhibition of IxB ubiquitylation at a concentration of 3 uM. The peptide
also decreased the translocation of NF-xB to the nucleus, which could be used to reduce its
pathogenic effects in various diseases (Fig. 6) [55, 58].

Bridge position scanning is more common when no information is available regarding the
optimal position for cyclization (‘DEF’ step E, Fig. 3). In the following example, a “helix
walk” bridge position scan involving repositioning of the helical region in the parent linear
active sequence was a favored approach, enabling the discovery of a backbone cyclic peptide
with drug like properties. Hurevich et al. developed a backbone cyclic peptide capable of
inhibiting the dimerization of a specific G protein-coupled receptor (GPCR) involved in the
pathogenesis of multiple sclerosis and other immune-mediated diseases [59]. The
transmembrane helical bundle of GPCRs dimerize through helix-helix interactions in
response to stimulation. Thus, the authors chose to use a backbone-to-backbone (BN-BN)
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urea cyclization where the two building units were located in /, /43 positions relative to each
other, with the first building unit containing a two-carbon linker and the second unit
containing a four-carbon chain. Since no information was available regarding the optimal
position for cyclization, a systematic “helix walk” scan was conducted where the two
building blocks were systematically shifted across the peptide sequence while maintaining
the /, A3 distance. Five backbone cyclic peptides were constructed, and one of the analogs
exhibited potent and selective inhibition of chemokine receptor 2 (CCR2)-mediated cell
migration (Fig. 7). Furthermore, the peptide was also found to adopt an a-helix
conformation, reaffirming that an a-helix is required for effective inhibition of dimerization
[59].

Functional bridge chemistry is the last parameter to take into account when developing a
backbone cyclic peptide library (‘DEF’ step F, Fig. 3). Several bridge chemistry approaches
have been introduced for backbone cyclization, including backbone disulfide bridges [60,
61], backbone amide bridges [62], backbone metal bridges [63, 64], backbone urea bridges
[48], and backbone azo bridges [65] (Fig. 3). In general, the selection of bridge chemistry
should be based on biological and synthetic capabilities. Bridge chemistry can be chosen
based upon available chemistries in the lab and/or intended application (i.e. specific metals
for imaging purposes). As far as we know, to date there have been no comprehensive studies
comparing different bridge chemistries for the same backbone cyclic peptides.

Most cyclization modes used currently to generate cyclic peptides from protein active
regions (end-to-end, side-chain to-end and side-chain to side-chain) are limited to sequential
active regions and cannot be used for non-continuous active regions. In contrast, backbone
cyclization and cycloscan can be used to mimic both continuous and non-continuous protein
active regions. Rational conversion of non-continuous topologies into a small orally
bioavailable molecule is crucial for the discovery of many new drugs that inhibit PPIs.
Hurevich et al. developed a method that utilizes backbone cyclization and cycloscan as
intermediate steps for conversion of the CD4 non-continuous active region into small
macrocyclic molecules. The authors demonstrated that this method is feasible by preparing a
small inhibitor of human immunodeficiency virus (HIV) infection. The lead compound,
CG-1, proved orally available in a rat model [66] (Fig. 8).

Although not in the scope of this review, optimization of the lead compound and scale up the
synthesis should be considered after identifying a backbone cyclic lead compound.
Ultimately, in vivo studies must also include PK, PD, toxicology, and efficacy.

5.1. Summary

The backbone cyclization methodology enables development of cyclic peptides without
utilizing residues of the natural linear peptide, which may frequently be essential for
bioactivity. Moreover, the technique facilitates synthesis of numerous peptides with the same
primary sequence, allowing systematic screening using cycloscan of bioactive conformations
for a given set of pharmacophores in search of drug leads. Backbone cyclization and
cycloscan were applied to various bioactive peptides leading to the discovery of
metabolically stable and receptor-selective drug leads. In this review for the first time we
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systemically define in detail the entire process of developing backbone cyclized
peptidomimetic libraries. Starting from general steps for identifying a protein active region
and the bioactive pharmacophore in this sequence, we described the use of the unique
backbone cyclization and cycloscan methods for generating a backbone cyclic
pharmacological agent, with detailed considerations and examples for each step.

Backbone cyclization and cycloscan techniques are optimal for design and development of
selective compounds after identification of the protein-protein interface primary sequence,
even without knowledge of the structure. While maintaining a constant primary sequence,
one can screen the conformational space using various building blocks to synthesize
numerous backbone cyclic peptidomimetics. To diversify bioactive conformations, one can
manipulate the mode of cyclization, the size and the position of the bridge, as well as the
bridge chemistry. The Achilles' heel of these techniques was previously the laborious
preparation of building blocks that were usually constructed in solution [47]. Today, the
variety of commercially available unnatural amino acids, in addition to our latest
development of a synthetic procedure for generation of backbone cyclization building units
on resin during solid phase peptide synthesis (SPPS) (unpublished results), allows one to
buy or generate building units from almost every amino acid while avoiding many synthetic
and purification challenges. We are in the process of applying these advances to
therapeutically target additional PPIs, and we hope this will increase the popularity of the
backbone cyclization and cycloscan approaches.
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Hisantiie cyclic peptides

conformation

Figure 1.
Restricting the conformational space of a linear peptide (green) by cyclization (gray) leads

to many inactive cyclic peptides because they are unable to adopt the proper bioactive
conformation (gray). Only very few peptides will attain the bioactive conformation and will
be active (red).
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Flow chart describing the ‘ABC’ process for identifying and converting protein active
regions into cyclic peptide drug leads.
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Figure 3.
Flow chart describing the ‘DEF’ process. The flow chart shows the steps needed to convert a

metabolically unstable, non-selective peptide or protein active region with poor absorption
properties into a metabolically stable, selective, highly active, and orally available
peptidomimetic drug lead with improved PK and PD properties [67]. (BN-AE - backbone-
to-amino terminus, BN-SC - backbone-to-side chain, BN-CE - backbone-to-carboxy
terminus, BN-BN - backbone-to-backbone).
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Structures of a general A-functionalized amino acid building unit and an A®(w-aminoalkyl)
glycine building unit.
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Figure5.
General structure of the backbone cyclic inhibitor library for PKB [49].
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Figure6.
Structure of the backbone cyclic analog of NF-xB, 1xB31_37(pBC-2,3) [55].
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Figure7.
Structure of a backbone cyclic peptide analog based on the CCR2 dimerization region

sequence [59].
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Figure 8.
Structure of the backbone cyclic peptide analog of the CD4 non-contiguous active region,

CG-1, [66].
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