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ABSTRACT:

Peptides and proteins are attractive initial leads for the

rational design of bioactive molecules. Several natural

cyclic peptides have recently emerged as templates for

drug design due to their resistance to chemical or enzy-

matic hydrolysis and high selectivity to receptors. The

development of practical protocols that mimic the power

of nature’s strategies remains paramount for the

advancement of novel peptide-based drugs. The de novo

design of peptide mimetics (nonpeptide molecules or

cyclic peptides) for the synthesis of linear or cyclic pep-

tides has enhanced the progress of therapeutics and

diverse areas of science and technology. In the case of

metabolically unstable peptide ligands, the rational

design and synthesis of cyclic peptide analogues has

turned into an alternative approach for improved biologi-

cal activity. VC 2015 Wiley Periodicals, Inc. Biopolymers

(Pept Sci) 104: 453–461, 2015.
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rational drug design
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INTRODUCTION

P
eptides constitute one of the most promising plat-

forms for drug development due to their biocom-

patibility, chemical diversity, and resemblance to

proteins.1 Inspired by the protein assembly in bio-

logical systems, a large number of peptides have

been designed using different amino acids and sequences,

while forming unique folded structures (“fold-on-binding”)

and providing a broad spectrum of physiological and biolog-

ical activities.2 In this regard, peptides have triggered applica-

tions that currently range from drug discovery3 to

nanomaterials;4 such as nanofibers for biomedical purposes,

tissue engineering,5 vaccines,6 and medical imaging technol-

ogies,7 among others. The computer-aided drug design

approaches8 along with efficient and economic peptide syn-

thesis have contributed to revitalize peptide-based drugs in

the current pharmaceutical market. Innovative tools for the

identification and characterization of new protein binding

sites9 (“PPi” protein–protein interaction) have also evoked

the discovery and optimization of novel drugs via protein–

protein interaction specificities.10 Notably, these binding

areas in PPis are regularly nonadjacent, and the interaction

interfaces are often found in exposed loop regions.11 These

regions are less accessible by small-molecule-based therapeu-

tics (MW < 500 Da) that usually target protein clefts and

inhibit specific catalytic centers or binding sites of native

structures.12 Consequently, higher molecular weight peptides

as therapeutics ought to be potentially more suitable owing

to their ability to establish a broad number of non-covalent

interactions, providing specific recognition to a given tar-

get.10,13 Peptide-based drugs usually offer an alternative and

synthetically appealing strategy in the field of rational drug
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design.14 Linear peptides are not very promising therapeutic

agents owing to their low stability towards proteolysis, con-

sequently reducing their feasibility and profitability for the

pharmaceutical industry. This approach has been coinciden-

tally amended by the discovery and development of novel

constrained peptides over the past decades.3 Diverse chemi-

cal modification protocols that have evolved to diminish the

mentioned drawbacks15 include cyclization (increased stabil-

ity), N-methylation (increased membrane permeability and

stability), incorporation of unnatural amino acids (increased

specificity and stability), PEGylation (reduced clearance),

assorted structural constraints (e.g., disulfide bonds) as well

as recent progress in “stapled” peptides (improved potency

and specificity) as a promising new modality for future ther-

apeutics.16 This novel generation of cyclic peptides, which

are less prone to proteolysis,17 provides superior binding

affinities and entropy advantage in receptor binding com-

pared to their more flexible linear counterparts.9c,18 Confin-

ing a peptide into a cyclic structure reduces the

conformational freedom of its parent structure and enhances

its metabolic stability, bioavailability and specificity,10 pro-

viding promising lead compounds for drug development.

These cyclic mimetics force the molecule into an ordered sec-

ondary structure,19 preventing off-target side effects,20 and

leading to harmless metabolic products in contrast to small-

molecule drugs. Therefore, these preferred cyclic peptidomi-

metics have increased cell permeability and oral bioavailabil-

ity, besides maintaining the potency and selectivity of larger

proteins with lower immunogenicity. Furthermore, they are

significantly smaller compared to proteins and more accessi-

ble due to lower manufacturing costs through various chemi-

cal methods.21 Solid-phase peptide synthesis (SPPS) has

become the prevailing technique for peptide synthesis in a

solid support and is now a routine in numerous research lab-

oratories.22 Current synthetic strategies are based on orthog-

onally protected precursors at specific functional groups

(amino acids), which are selectively deprotected during pep-

tide synthesis.23 In addition, novel straightforward protocols

involving solid-phase peptide synthesis, followed by in-

solution fragment coupling have been introduced to improve

the yield and facilitate the synthesis of large polypeptides.24

This progress has been crucial for the re-emergence of these

privileged motifs as prospective drug candidates.3,15

This article reviews the current state-of-the-art of

peptide-based therapeutics and concentrates on diverse strat-

egies for cyclization of peptides, recent rational drug design

approaches in conjunction with a number of representative

contributions to the current medicinal and pharmaceutical

chemistry.

Cyclic Peptides as Therapeutic Agents

The versatility and modularity of peptides derives from the

chemical diversity of amino acids and their availability to inte-

grate chemically modified building blocks into peptide synthe-

sis, featuring modifications on the peptide backbone and/or

side chain. Cyclic peptides have been broadly exploited over

the past 20 years in medicine as active ingredients of natural

extracts (bacteria, fungi, plants, animal venoms); some

FIGURE 1 Representative 2D structures of side chain-to-tail cyclic MOG analogue and head to

tail MBP analogue.32,33 The cyclization was achieved via amide bond between the amine and car-

boxyl groups.
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representative examples in the current pharmaceutical market

include the well-known cyclosporine A,25 gramicidin-S,26 vaso-

pressin, oxytocin,27 vancomycin,28 and insulin.29 Nevertheless,

a large number of natural occurring peptides exhibit a limited

applicability due to their poor stability in physiological condi-

tions, which have inspired scientists to develop the so-called

peptidomimetics (nonpeptide mimetics or cyclic peptides).

Thus, novel, cutting-edge recombinant protein techniques

(e.g., high-throughput screening, HTS) along with additional

organic chemistry, computational techniques, and molecular

biology tools, have assisted the design and development of

peptide-like drugs.8,30 Moreover, the continuous advances on

solid-phase peptide synthesis and purification strategies,

besides a considerable price reduction of the monomers

(amino acids), have enabled the pharmacological progress and

competitiveness of cyclic peptides as therapeutically relevant

targets.31 In this rationale, the advancement of biologically

active cyclic peptides has experienced sustained growth; anti-

diabetics agents, cardiovascular, calcitonins among others have

progressed to the pharmaceutical industry (selected examples

are outlined in Table I). Recent directions of these modified

peptides in applied research have resulted in the design and

synthesis of cyclic peptide analogues of immunodominant epi-

topes of myelin basic protein (MBP)32 and myelin oligoden-

drocyte glycoprotein (MOG)33 providing novel therapies for

Experimental Autoimmune Encephalomyelitis (EAE, the best

well-studied animal model of Multiple Sclerosis, MS) (Figure

1). Also, gonadotropin-releasing hormone (GnRH)34 cyclic

peptides have been designed and synthesized for their ability to

act as agonists or antagonists. Moreover, grafting techniques

are being applied to cyclotides, in order to attach biologically

active fragments on their loops, therefore enhancing bioaval-

ability and stability. Such cyclic peptides have resulted in

potent oxytocin agonists and CXCR4 antagonists as efficient

HIV-1 cell-entry blockers. Molecular modeling and NMR stud-

ies on the bioactive conformations of these peptides, which

have emerged as promising platforms for drug design, will

allow novel investigations on peptide-based drugs.

Synthetic Strategies for Cyclization

Chemical synthesis strategies, in solution and solid-phase, have

progressively entered the peptide-based therapeutics market.24

The suitability of modern orthogonal monomeric building

blocks in combinatorial chemistry has enabled the ring closure

on solid support with standard coupling reagents. Among the

plethora of cyclization protocols, the backbone constraint has

been traditionally considered as crucial in the lead optimization

process for enhancing drug-like properties. In addition, backbone

constraint approaches are regularly adopted for the stabilization

of peptide sequences into a specific secondary structure, includ-

ing a-helices, b-sheets, reverse turns, and loops, that are involved

in the molecular recognition process by the target.19

Solution-Phase Peptide Synthesis (SPS). Since pioneering

studies by du Vigneaud in 1953,35 the SPS method has been

broadly used to generate peptides. Classical protocols provide

flexible and convergent synthesis where individual peptides

can be readily synthesized, purified and coupled to access poly-

peptides or proteins. Nevertheless, the tedious and demanding

steps of purification associated with solution phase synthesis

that frequently involved reduced overall yield have diminished

its popularity over solid-phase strategies.

Solid-Phase Peptide Synthesis (SPPS). First described by

Merrifield in 1963,22 the SPPS method is an important

Table I Cyclic Peptides in the Global Drug Market

Synthetic Cyclic Therapeutic Peptides Primary Structure Indications

Calcitonin (Human) (one disulfide bond) H-cyclo[Cys-Gly-Asn-Leu-Ser-Thr-Cys]-Met-Leu-

Gly-Thr-Tyr-Thr-Gln-Asp-Phe-Asn-Lys-Phe-His-

Thr-Phe-Pro-Gln-Thr-Ala-Ile-Gly-Val-Gly-Ala-

Pro-NH2

Osteoporosis, hypercalcaemia

Calcitonin (Salmon) (one disulfide bond) H-cyclo[Cys-Ser-Asn-Leu-Ser-Thr-Cys]-Val-Leu-

Gly-Lys-Leu-Ser-Gln-Glu-Leu-His-Lys-Leu-Gln-

Thr-Tyr-Pro-Arg-Thr-Asn-Thr-Gly-Ser-Gly-Thr-

Pro-NH2

Ziconotide (three disulfide bonds) [Cys1-Cys16, Cys8-Cys20, Cys15-Cys25]-tricyclo H-

[Cys1-Lys-Gly-Lys-Gly-Ala-Lys-Cys8-Ser-Arg-Leu-

Met-Tyr-Asp-Cys15-Cys16-Thr-Gly-Ser-Cys20-Arg-

Ser-Gly-Lys-Cys25]-NH2,

Severe chronic pain

Oxytocin (one disulfide bond) H-cyclo[Cys-Tyr-Ile-Gln-Asn-Cys]-Pro-Leu-Gly-

NH2

Bleeding or hemorrhage
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cornerstone of peptide chemistry. Based on an insoluble and

activated solid support (polymer), the synthetic process

begins from the covalent binding to the C or N-terminal of

one amino acid. Consecutively, the stepwise synthetic proce-

dure of a peptide sequence includes the activation of the

carboxyl group and coupling to an appropriate protected

amino acid (Figure 2). Certainly noteworthy is the ability of

polymer-supported synthesis to offer much faster transfor-

mations over liquid-phase procedures with experimental

simplicity, where excess reagents and by-products can be

selectively separated from the growing and insoluble peptide

through simple filtration rather than liquid-liquid extraction

and chromatographic purification. Moreover, with the devel-

opment of automation and high-throughput peptide pro-

duction, novel chemically modified building blocks and

amino acids have extended the resources for solid-phase syn-

thesis, where the polymer substrate plays a critical role in

the coupling achievement. In this manner, a feasible solid

support should incorporate mechanical strength, good swel-

ling in common solvents, and facile access to the active sites

of the polymer by the reagents.36 Notably, the selected Na-

protected amino acid residues in combination with the Boc/

Bzl or Fmoc/tBu synthetic methodologies, which clearly

define two broad categories on the solid-phase peptide syn-

thesis, are vital to discriminate the appropriate type of resin.

Particularly, the Fmoc/tBu is the most efficient and attractive

strategy based on the mild acidic conditions for final

deprotection.37

FIGURE 2 Representative procedure for the synthesis of side chain-to-tail cyclic peptides: (i)

loading of the first amino acid to the solid support via the carboxyl group; (ii) removal of the Na-

amino protected group; (iii) coupling of the amino group with the activated carboxyl group of the

second amino acid; (iv) subsequent coupling of the following amino acids; (v) cleavage from the

resin; (vi) selective removal of the side chain amino protected group; (vii) cyclization between the

side chain amino group and the C- terminal carboxyl group; (viii) final deprotection of side chain

protected groups.
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Types of Cyclization. Cyclic constrained peptidomimetics

enhance the hydrophobicity of native linear counterparts con-

ferring conformational stability and improved affinity to a cer-

tain target. They are normally synthesized in a multi-step

synthetic procedure. Cyclization also increases the resistance to

cleavage by proteolytic enzymes and membrane permeability

that delivers superior bioavailability. According to the type of

bond between the two amino acids that furnishes the cycle

ring, cyclic peptides can be classified in two major categories:

homodetic (containing only peptide bonds) and heterodetic

(diverse functional groups are additionally used to connect the

amino acids). Assorted cyclization strategies are summarized

below (Figure 3).

� Head-to-tail cyclization (homodetic); the peptide bond

is formed between the N-terminus amino group and

the C-terminus carboxyl group.38

� Cyclotides; the peptide bond is formed head-to-tail and

the ring is usually strengthened by three disulfide

bonds.39,40

� Side chain-to-one of the termini cyclization: head-to-side

chain or side chain-to-tail (heterodetic); the bond is

formed between the N- or C- terminus and the side

chain functional group of amino acids.41

� Side-chain-to-side-chain cyclization; the bond is formed

between two side chains of amino acids (homodetic and

heterodetic).42

� Disulfide; the disulfide bond is formed between two

thiol groups (cysteine).43

� Thioether; the thioether bond is formed between the

side chain thiol group of a cysteine and the a-carbon

atom of an amino acid.44

Cyclic Peptides and Drug Design
Drug Design Methodologies. Since 1998, in which 2058 struc-

tures were deposited in the protein data bank (PDB), each year

there has been a �7.5% increase, resulting in 9681 structures

in 2014 for a total of 105, 465 structures from which only 9.7%

are NMR derived. Undoubtedly, structural biology provides

protein structures that are cornerstone for drug design.

Cybase,45 offers an online database of known natural and non-

natural head to tail cyclic proteins (Figure 4). As of January

2015, it contains 813 cyclic protein sequences and 67 PDB

entry structures with NMR or X-ray data. This database

includes several cyclotide entries, plant-made defense proteins,

such as the kalata proteins, primate rhesus h-defensins (RTDs)

with increased biological activities, such as anti-HIV activity,

which are used as lead molecules for drug design.40 Disulfide

linked peptides are also considered cyclic analogues displaying

conformational rigidity and retaining a level of resistance to

hydrolysis by endopeptidases. Another category of cyclic pep-

tides found in natural hormones form rigid structures by mak-

ing disulfide bonds, such as oxytocin, mostly targeting G

protein coupled receptors (GPCRs).46

There are two distinct approaches to the drug design of

cyclic peptides. The first is the use of known cyclic analogues

that may or may not have affinity against a target. The recent

growth in the use of natural cyclic peptides for drug design has

established them as scaffolds for customization against various

targets. For example mutation or grafting of cyclotides has

been applied in several cases.47 Also, modification of cyclic

hormones to obtain enhanced compounds for their target has

been widely employed. These include altered peptides to target

oxytoxin or vasopressin,27,48 melanocortin,49 gonadotropin

FIGURE 3 Homodetic and heterodetic types of cyclization.
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releasing hormone,50 somatostatin,51 receptors and many

more. In the second approach, systems with no evidence of

cyclic protein involvement are targeted using several techniques

of cyclization of that have yielded potent molecules against

clinical targets. This approach usually involves synthesis of

libraries based on linear peptides, or mutagenesis studies and

are driven through trial and error. These two different

approaches are the main approaches used for cyclic peptide

drug design today.

Cyclization for Stability and Potency. Many integrins recog-

nize the RGD peptidic motif and are also able to discriminate

among distinct natural ligand containing this same recognition

pattern.52 On this basis, Kessler et al. synthesized a series of

cyclic pentapeptides with the sequence RGDFV and by com-

bining a series of cyclization, screening and N-methyl scans

concluded to the discovery of the cyclic peptide cyclo(-

RGDf(NMe)V).53 Cilengitide, was developed by Merck-

Serono, and entered Phase III clinical trials, however, it did not

get final approval.54

Protein–protein interactions (PPis) have always had an

increased difficulty to target because of the large interaction

areas that can hardly become targeted by small molecules. An

extra element of difficulty is the selection of the binding

pocket from a large surface. However, cyclic analogues can

possess a level of selectivity against protein surfaces as well as

increased bioavailability. A recent successful example of a PPi

disruption by cyclic analogues is the inhibition of the YAP

(Yes-associated protein)2TEAD complex, in order to abolish

the oncogenic function of YAP, which is overexpressed or

activated in certain human cancers.55 Hu et al. narrowed

down the minimal region of YAP for significant binding to

TEAD (81PQTVPMRLRKLPDSFFKPPE100) and furthermore

identified the key residues by alanine scanning.56 Based on

the crystal structure of the complex, cysteine and homocys-

teine residues were introduced at positions 87 and 96, form-

ing a disulfide bond as a conformation restraint. This

resulted in a highly potent cyclic peptide inhibitor.

Another case of cyclization of linear peptides to obtain

enhanced pharmacological agents is the myelin basic protein

(MBP) 87-99 series of cyclic peptides. CD41 T cells, major

determinants in autoimmunity, including multiple sclerosis

(MS) have been found to be stimulated with the self-antigen,

myelin basic protein (MBP) 83-99 epitope. A series of head to

tail cyclized mutants of the 83-99 MBP residues resulted in a

more stable peptide, cyclo(83-99)[Ala91]MBP83-99, which con-

jugated to mannan, showed increased in vivo efficacy in SJL/J

mice compared to the linear epitope.57 Further investigations

and molecular modeling studies led to cyclo(87-

99)[Ala91,96]MBP87-99, which showed promising results in

mice against the experimental autoimmune encephalomyelitis

(EAE).58

Studies on cyclization of peptides targeting the gonadotro-

pin releasing hormone receptor (GnRHR), have resulted in

potent cyclic analogues.50 NMR studies on the endogenous 10-

residue hormone, GnRH and its analogues have identified a

bend around the central amino acid at position 6.50e,59 Further

mutational studies, on the potent peptide leuprolide, which is

used in the clinical setting, resulted in analogues with inhibi-

tion of cell proliferation.34,59 This information was used to

design a series of cyclic peptides with non-natural amino acids,

resulting in a potent analogue, cyclo(1-10)GnRH[Pro1, DLeu6,

BABA10], which showed enhanced proteolytic stability and

improved pharmacokinetic properties.50

Cyclic Peptides as Templates for Drug Design. Several hor-

mone receptors, in their majority G protein-coupled receptors

(GPCRs), have been targeted by cyclized peptides. GPCRs are

drug targets for 30% of the currently marketed drugs, however,

only �10% of all GPCRs are targeted by approved drugs.60 A

chemokine receptor, CXCR4 was recently co-crystalized with

CVX15 (Figure 5A), a 16-residue peptide cyclized by disulfide

FIGURE 4 Structures of naturally occurring cyclic peptides; (A) Crystal structure of cyclosporine

in its FAB binding conformation (PDB id 1ikf); (B) NMR structure of rhesus h-defensin 1 (RTD-

1), (PDB id 2lyf); (C) Crystal structure of deamino-oxytocin (PDB id 1xy1). Peptides are shown in

gray cartoon representation, disulfide bridges in yellow and amino acid side chains in white.

458 Tapeinou et al.

Biopolymers (Peptide Science)



bridge, previously characterized as an HIV-inhibiting and anti-

metastatic agent.61 By combining medium throughput screen-

ing and a rational design approach based on the CXCR4-

CVX15 complex structure, researchers at Eli Lilly identified a

cyclic peptide, LY2510924, cyclo[Phe-Tyr-Lys(iPr)-DArg-2-Nal-

Gly-DGlu]-Lys(iPr)-NH2.62 LY2510924 is now in phase II clini-

cal studies against cancer.

In a strategy described by Gruber et al., the cyclotide Kalata

B7 was used as a template to design grafted potent peptidic

analogues against the oxytocin and vasopressin 1A (V1A)

receptors. Kalata B7 was found to be a partial agonist at both

receptors, and was examined to identify the bioactive region

responsible for this receptor activating effect. Particularly, loop

3 of kalata B7 (-CYTQGC-), homologous to an oxytocin

region, was used to graft four peptides (nonapeptides), which

were NMR characterized and found to have improved binding

affinity to the oxytocin and vasopressin receptors.63 In contrary

to the endogenous agonist oxytocin, the nonapeptide linear

analogues of oxytocin retain flexibility, adopting several con-

formations that lead to increased binding to the pocket of their

target receptors. Another latest example of cyclic peptide-

grafting is the fusion of modified CVX15 based peptides onto

the loop 6 of cyclotide MCoTI-I. MCoTI-I, a plant-derived

cyclotide with no affinity for CXCR4, was used as a stable tem-

plate to produce potential CXCR4 antagonists. One of the

resulting grafted cyclotides was a potent CXCR4 antagonist

and an efficient HIV-1 cell-entry blocker.64 Another naturally

occurring highly rigid cyclic peptide, the sunflower trypsin

inhibitor 1 (SFTI-1), derived from sunflower seeds, has been

extensively used as a drug lead. It binds to trypsin, with which

it has been co-crystallized65 (Figure 5B) and type II serine pro-

tease matriptase with high affinity (0.002 and 200 nM, respec-

tively).66 Daly et al. used the 14 residue SFTI-1 as a scaffold to

develop cyclic peptides with angiogenic activity. Three major

known angiogenic sequences were grafted onto the trypsin-

inhibitory loop of SFTI-1. One of the resulting cyclic peptides,

SFTI-OPN was stable against the enzymes thrombin and

MMP-9 and was proven to enhance the binding integrin a9b1

relative to the linear OPN peptide.

CONCLUSIONS AND PERSPECTIVES
Cyclic peptides are envisaged to overcome the limitations of

their linear counterparts by addressing biological problems

such as the enzymatic hydrolysis and poor oral bioavailability.

Improvement of their pharmacological properties in conjunc-

tion with the current advances on rational drug design, peptide

synthesis, and structure determination have assisted the devel-

opment of novel and more potent cyclic peptides. The growing

interest in peptide-based drugs in medicinal research, as well as

the promising in vitro and in vivo efficacy of cyclic peptides,

provides many opportunities for the development of cyclic

peptides towards the treatment of several diseases.
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