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Abstract

There are many cyclic peptides with diverse biological activities, such as antibacterial activity, immunosuppressive activity, and
anti-tumor activity, and so on. Encouraged by natural cyclic peptides with biological activity, efforts have been made to develop
cyclic peptides with both genetic and synthetic methods. The genetic methods include phage display, intein-based cyclic peptides,
and mRNA display. The synthetic methods involve individual synthesis, parallel synthesis, as well as split-and-pool synthesis. Re-
cent development of cyclic peptide library based on split-and-pool synthesis allows on-bead screening, in-solution screening, and
microarray screening of cyclic peptides for biological activity. Cyclic peptides will be useful as receptor agonist/antagonist, RNA
binding molecule, enzyme inhibitor and so on, and more cyclic peptides will emerge as therapeutic agents and biochemical tools.
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INTRODUCTION

Cyclic peptides and peptide drugs

Cyclic peptides are polypeptide chains taking cyclic ring
structure. The ring structure can be formed by linking one
end of the peptide and the other with an amide bond, or other
chemically stable bonds such as lactone, ether, thioether, di-
sulfide, and so on. N-to-C (or head-to-tail) cyclization is am-
ide bond formation between amino and carboxyl termini, and
many biologically active cyclic peptides are formed this way.
Several cyclic peptides found in nature are used in clinic. The
examples are gramicidin and tyrocidine with bactericidal activ-
ity, cyclosporin A with immunosuppressive activity, and van-
comycin with antibacterial activity, and so on. While peptides
have been generally considered to be poor drug molecules,
there are some advantages of peptide drugs too. Followings
are the weakness of peptides and the strength will be dis-
cussed afterward. First, per oral absorption is poor for peptide
drugs. In most cases, the route of administration is injection
as peptides are not well absorbed in the gastrointestinal tract.
Second, peptides are rapidly metabolized, even after success-
ful absorption, by proteolytic enzymes. Third, peptides usually
do not cross cell membrane as some small molecules do. If
the target of a peptide drug is in the cytoplasm, the peptide
may not even reach the target. In spite of these limitations,
peptides can be good alternatives to small synthetic mol-
ecules because of following advantages. Compared to small
synthetic molecules, peptides possess less toxicity and they

would not accumulate in organs. Even the fact that peptides
get degraded rapidly can be a good thing. Peptide drugs can
be less harmful, after acting on target molecules, as they will
disappear rapidly by proteolytic degradation. The degradation
products are simply amino acids and would not have toxicity
(Loffet, 2002). Peptides can work on their targets very selec-
tively, as the interaction with the targets is very specific com-
pared to small molecules (Hummel et al., 2006). Considering
these strengths, it is not surprising that there are many peptide
drugs available in the market. These peptide drugs include re-
ceptor agonists and antagonists, peptide hormones and ana-
logs, HIV protease inhibitors, and so on (Vlieghe et al., 2010).
In addition to the merits of peptides as drug molecules, cyclic
peptides could make even better peptide drugs.

Usually, cyclic peptides show better biological activity com-
pared to their linear counterparts due to the conformational
rigidity (Edman, 1959; Horton et al., 2002). The rigidity of cy-
clic peptides decreases the entropy term of the Gibbs free en-
ergy, therefore allowing the enhanced binding toward target
molecules, or receptor selectivity. Another benefit from cyclic
structure is the resistance to hydrolysis by exopeptidases due
to the lack of both amino and carboxyl termini. Cyclic pep-
tides can be resistant even to endopeptidases, as the struc-
ture is less flexible than linear peptides. Some cyclic peptides,
though not all, can cross the cell membrane. Cyclosporin A
is a good example of the membrane permeable cyclic pep-
tides. Until recently, it has been suggested that cyclic peptides
cross the membrane better than the linear counterparts (Rezai
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et al., 2006). To test this, a group of peptides has been syn-
thesized, and their cell permeability was compared between
cyclic and linear peptides. The results indicated that a pep-
tide does not cross the membrane better simply because it is
cyclized (Kwon and Kodadek, 2007). If a certain cyclic pep-
tide is membrane permeabile, it is because there are structural
features allowing the molecule to cross the cell membrane.
For example, cyclosporin A has several intra-molecular hydro-
gen bonds keeping hydrophilic groups from the surface of the
molecule. Overall, structural rigidity, receptor selectivity, bio-
chemical stability are general features of cyclic peptides and
some cyclic peptides can be membrane permeable. These
features allow cyclic peptides to be good therapeutic agents
or biochemical tools, and efforts have been made to develop
synthetic cyclic peptide with biological activity. In this review,
the role of cyclic peptides in therapeutics and biochemistry
will be described, as well as the approaches to develop cyclic
peptide compounds for such purposes.

THE ROLE OF CYCLIC PEPTIDES IN THERAPEUTICS

Bactericidal activity of tyrocidine and gramicidin S
Tyrocidine is a cyclodecapeptide with antibacterial activity.
It was found from a culture extract of a soil bacillus, Bacil-
lus brevis, as bactericidal agent as early as 1939 (Dubos and
Cattaneo, 1939) (Fig. 1 left top). Initially, this compound was
characterized as a peptide lacking the free amino terminus,
and therefore was proposed to have cyclic structure where
amino terminus and carboxyl terminus are linked with an am-
ide bond (Hotchkiss, 1941). While gramicidin S is a cyclic pep-
tide, gramicidin refers to the mixture of linear pentadecapep-
tides with antibacterial activity (Fig. 1 left bottom). Tyrothricin
(Hotchkiss and Dubos, 1941), the mixture of gramicidin and
tyrocidine, was the first commercialized antibiotic and it is still
used in clinic today (Tyrosur®). Gramicidin S, or Soviet grami-
cidin, is a cyclodecapeptide similar to tyrocidine, and was dis-
covered in early 1940’s from the other side of the Earth for its
antibacterial activity (Synge, 1945). Looking at the structure
of these cyclic peptides, there can be two B-chains linked by
proline residues and four intramolecular hydrogen bonds. This
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Fig. 1. Structure of Cyclic peptides used in clinic.
Left top:Tyrocidine A, cyclo (Val-Orn-Leu-D-Phe-
Pro-Phe-Phe-Asn-GIn-Tyr). Left bottom: Grami-
cidin S, cyclo (Val-Orn-Leu-D-Phe-Pro)2. Right:
Cyclo-RGD Peptide EMD 66203, cyclo (Arg-Gly-
Asp-D-Phe-Val).

model was proposed in 1950’s (Hodgkin and Oughton, 1957)
and later confirmed by X-ray crystallography (Hull et al., 1978).
As there are four intramolecular hydrogen bonds, the peptide
has a very rigid structure, a characteristic of cyclic peptides.
In addition to the structural rigidity, these cyclic peptides are
amphipathic (Zasloff, 2002). One side of molecule is hydro-
phobic while the other side is cationic. It appears the cationic
face interacts with lipid head groups of cell membrane which
is negatively charged (Matsuzaki, 1999). This initial interac-
tion is followed by interaction between hydrophobic portions of
cyclic peptide and membrane lipid, resulting in the rupture of
bacterial cell membrane. The use of tyrocidine A is, however,
limited to topical use as the membranolysis can happen even
to the mammalian cells. There have been many approaches
to reduce the toxicity toward mammalian cells to as will be
discussed later in this review.

Immunosuppressive activity of cyclosporin A

Cyclosporin A ([R-[R*,R*- (E)]]-cyclic (L-alanyl-D-alanyl-
N-methyl-L-leucyl-N-methyl-L-leucyl-N-methyl-L-valyl-3-hy-
droxy-N,4-dimethyl-L-2-amino-6-octenoyl-L-a-aminobutyryl-
N-methylglycyl-N-methyl-L-leucyl-L-valyl-N-methyl-L-leucyl)
is a cyclic peptide isolated from a fungus Tolypocladium in-
flatum. This compound is a well known immunosuppressant,
clinically used worldwide to prevent graft rejection. The an-
nual sale of cyclosporin A is more than US$ 1.0 billion in the
USA only (Giroux, 2005). There are a couple of interesting
structural features of cyclosporin A. First, there exist several
N*-methylated amino acids and non-standard amino acids.
Second, cyclosporin A can freely pass the cell membrane,
probably due to its structure. Cyclosporin A exerts its immuno-
suppressive activity by inhibiting phosphatase activity of cal-
cineurin. As N*-methylated amino acids, found in cyclosporin
A, are structurally rigid, it is technically challenging to obtain
cyclosporin A from organic synthesis (Wenger, 1984). In con-
trast to the case of tyrocidine discussed above, there have
been few approaches to improve cyclosporin A probably due
to this challenge.

Anti-angiogenic activity of RGD peptide
For cells to interact with extracellular matrix, integrins play
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an important role mediating signals from both in and out of
cells. A functional integrin unit comprises of two subunits, o
and B subunits in various combinations of isotypes. Many inte-
grins recognize the tripeptide sequence -Arg-Gly-Asp- (RGD)
for the interaction with the extracellular ligands. Interestingly,
it was found that peptides containing RGD could inhibit tumor
cell growth (Humphries et al., 1986; Gehlsen et al., 1988), and
cyclic peptides with RGD sequence were more potent than the
linear counterparts (Gurrath et al., 1992; Noiri et al., 1994).
Cyclo-RGDfV (EMD 66203, f stands for D-Phe) itself can pro-
mote tumor regression by inducing apoptosis of angiogenic
blood vessels (Fig. 1 right). In addition, cyclo-RGD compound
can be used to deliver nanoparticles filled with anticancer drug
to the area where tumor is growing (Murphy et al., 2008).

Cyclic peptides found in natural peptide hormones

We can find several cyclic peptides from natural peptide
hormones such as calcitonin, oxytocin, somatostatin, vaso-
pressin, and so on. These peptides form rigid structure by
forming disulfide bond connecting two Cys residues in the
peptide.

THE APPROACHES TO DEVELOP CYCLIC PEPTIDE
COMPOUNDS

As described above, there are many cyclic peptides used in
clinic, and most of them originate from the natural cyclic pep-
tides. As several features make cyclic peptides attractive lead
compounds for drug development as well as nice tools for bio-
chemical research, scientists made diverse efforts to develop
biologically active cyclic peptide compounds. Peptides can be
prepared by either genetic or synthetic method. The genetic
method, as described below, is usually limited to ribosomal 20
amino acids, whereas the sequence determination of hit com-
pounds is straightforward. The synthetic method can provide
more versatile cyclic peptide compounds as the repertoire of
amino acids and the way of forming cyclic peptides is diverse.
Solid-phase peptide synthesis combined with split-and-pool
synthesis (Furka et al., 1991; Houghten et al., 1991; Lam
et al., 1991) can prepare fairly large libraries. However, se-
quence determination is challenging after screening of these
libraries. Conventional Edman degradation cannot be used
for cyclic peptides once the free N-terminus disappears after
cyclic peptide formation by N-to-C cyclization. While tandem
mass spectrometry (MS) can be used to analyze peptide se-
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quences, the analysis of cyclic peptide sequence is more diffi-
cult than the analysis of linear peptide sequence (Eckert et al.,
1985; Siegel et al., 1994; Ngoka and Gross, 1999; Schilling
et al., 1999; Redman et al., 2003). The fragmentation pattern
is very complex for cyclic peptides. For a hypothetical cyclic
peptide containing only 3 amino acids, namely cyclo (ABC),
the fragments formed from tandem MS would be ABC, BCA,
CAB, AB, BC, CA, A, B, and C (total 9), while the linear pep-
tide ABC would yield ABC, AB, BC, A, B, and C only (total 6).
The fragmentation pattern gets more complex as the number
of amino acid increases. Therefore, sequence analysis of cy-
clic peptides by tandem MS is not practical where the quantity
of peptide from each micro-bead of split-and-pool synthesis
library can be as little as about 100 pmol for -90 um beads.

In the following paragraphs, both genetic and synthetic
approaches to develop cyclic peptide compounds will be dis-
cussed.

Phage display technology

Phage display technology was not initially designed to de-
velop cyclic peptide compounds when it was introduced first
(Smith, 1985). In this technology, each phage particle displays
unique peptide on its surface and the hit can be selected for
binding toward a target molecule. Usually, peptides are dis-
played on the N-terminus, middle, or C-terminus of coat pro-
teins, and the peptide sequence from each phage particle is
directed by the DNA sequence of the same phage particle,
allowing easy sequence determination. The screening can be
repeated as long as encoding DNA molecules are preserved,
and this repeated procedure, called bio-panning, is used to
enrich the best binders. The diversity of phage display method
can be typically up to billions (-10°) of phages. As mentioned
above, the peptide displayed on the surface of phage parti-
cle was not meant to be cyclic peptide. However, cyclic pep-
tides formed from disulfide bond formation were sometimes
obtained from phage display as exampled by RGD peptide
(Koivunen et al., 1993) (Fig. 2 left top), and cyclic peptide
can be prepared by designing the peptide sequences such
as —Cys-X,-Cys for platelet glycoprotein binding (O'Neil et al.,
1992). The phage particles are released to oxygen rich peri-
plasmic space of bacteria, and two neighboring Cys residues
would naturally form a disulfide bond to yield a cyclic peptide.
One drawback of phage display is that the cyclic peptides are
formed by disulfide formation, not head-to-tail cyclization. In
addition, phage display is limited to natural, ribosomal amino
acids. Many amino acids found in biologically active cyclic
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Fig. 3. Structures of cyclic peptide libraries based on split-and-
pool synthesis. Top: Cyclic peptide for on-bead screening. Bottom:
Cyclic peptide for in-solution screening. Cyclic peptides can be
released from the bead by hydrolysis of ester linkage, and then the
remaining linear peptides are used for sequence determination.

peptides are non-ribosomal, and they are not accessible with
phage display.

Intein-based cyclic peptide

Inteins (Internal Proteins, or Intervening protein sequenc-
es) refer to the protein sequences that are spliced out dur-
ing maturation (Perler et al., 1994; Perler, 2005). Scott and
Benkovic reported Split-intein circuit ligation of peptides and
proteins (SICLOPPS), utilizing a trans-intein DnaE to prepare
cyclic peptide (Scott et al., 1999). The cyclic peptide formed
from SICLOPPS takes a general structure cyclo (XA'A%A3. ..
A"), where X is either Cys or Ser (Fig. 2 left bottom). By con-
structing a SICLOPPS vector that allows the insertion of target
peptide in the fusion protein, cyclic peptide libraries could be
prepared in vivo, where each clone expresses a unique cyclic
peptide. This method was used to screen for the inhibitors of
protein-protein interactions (Horswill et al., 2004; Tavassoli
and Benkovic, 2005; Tavassoli et al., 2008). SICLOPPS is a
valuable tool to develop cyclic peptide compounds. The diver-
sity is typically -108, and the cyclic peptides can be prepared in
vivo. But, cyclic peptide synthesis in vivo can be a limitation as
it prevents versatile in vitro screening. In addition, the method
always requires Cys (or Ser) residue in the sequences, and
the choice of amino acids is again limited to ribosomal amino
acids.

Cyclic peptides from mRNA display

mRNA display is an in vitro method of displaying peptides/
proteins coupled to the encoding mRNA. In this method, a li-
brary of peptides covalently linked to mRNA is screened for
target binding. As the selected peptides from the screening
are coupled to the encoding mRNA, hits can be amplified, and
used for the next cycle of screening. This process is called
bio-panning. This method was developed originally to prepare
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linear polypeptide libraries (Roberts and Szostak, 1997), and
Roberts and co-workers recently came up with a method to
prepare cyclic peptides based on mRNA display (Millward et
al., 2005) (Fig. 2 right). They used a chemical crosslinker, dis-
uccinimidyl glutarate (DSG) to couple the N-terminal end of
peptides with the side chain of Lys residue at the C-terminal
region of the peptides. They could select cyclic peptides bind-
ing the signaling molecule Gai1 with high affinity (Millward et
al., 2007). They claimed that N*-methylphenylalanine (NMF)
was used as one of the building blocks for in vitro transla-
tion with the use of nonsense suppression. However, they
did not show any cyclic peptides, among those selected from
screening, that actually have this N*-methylated amino acid.
This implies at least two possibilities. One is that simply NMF
was not favored for the binding of peptides toward their target
molecule, and the other is that the steric hindrance prevented
efficient coupling of NMF during in vitro translation. One draw-
back of mRNA display is that there is only one peptide pro-
duced from each mRNA template. If the poor efficiency of ami-
no acid coupling results in the failure of peptide coupling, the
mRNA encoding the corresponding peptide would be lost dur-
ing the bio-panning regardless of actual binding affinity of the
construct. Another limitation of this method is that they made
cyclic peptides with the help of chemical crosslinker. In addi-
tion, when there are multiple Lys residues in the sequence,
the cyclization reaction would not happen selectively to form a
desired cyclic peptide. Also the dimer formation between two
mRNA-peptide hybrid molecules mediated by crosslinker can-
not be excluded.

Synthetic methods for cyclic peptides

As mentioned already, cyclic peptides can be synthesized
by solid-phase synthesis in addition to typical organic syn-
thesis. Until recently, the modification or improvement of the
cyclic peptides involved individual chemical synthesis. This
process is very time consuming to extract the structure and
activity relationship. Compared to the theoretical diversity for
a cyclodecapeptide (over 10" from 20'°, assuming 20 ribo-
somal amino acids are used), the practical diversity from in-
dividual synthesis is very little. Typically, scientists have tried
to modify a couple of positions in a cyclic peptide to obtain
better, improved compounds with the diversity not exceeding
hundreds. When individual compounds are synthesized sepa-
rately from the beginning to the end, the process is called se-
quential synthesis. When the synthetic intermediates are split
during the synthesis and separate vessels are used for later
steps, the process is called the parallel synthesis. In either
case, it is difficult to prepare a large size cyclic peptide library.
One nice example of synthetic approach can be seen in the
development of cyclic RGD peptide. As described above,
RGD peptide has affinity toward many integrins which play an
important role in angiogenesis. Kessler (Mas-Moruno et al.,
2010) and coworkers started the optimization of RGD peptide
in late 1980’s. Beginning with a peptide sequence RGD, they
restricted the conformation of peptide by cyclization, and did
spatial screening to optimize the ligand structure. This led to
the synthesis of cyclo (RGDfV). Later, Cilengitide, cyclo (RGDf
(NMe)V) was derived from N-methyl scan; N-methylation is
known to improve biological activity and stability of peptide
drugs. Cilengitide is currently under phase lll clinical trial for
treating glioblastoma.

While Kessler and coworkers relied on individual synthe-



sis, there are other efforts with higher throughput. Walsh and
co-workers employed an enzyme domain from non-ribosomal
peptide synthetase for cyclization of precursor synthesized
on solid phase (Kohli et al., 2002). They fed the terminal
thioesterase domain the peptide precursor bound to the res-
in support and the enzyme could catalyze the cyclization of
precursor peptide, releasing the cyclic peptide tyrocidine A.
By replacing amino acids at position 1 and 4 (D-Phe1 and D-
Phe4) with different amino acids, natural and unnatural (8 and
24 each), they synthesized 192 different tyrocidine A analogs
and optimized the selectivity. They obtained one tyrocidine A
analog with almost the same antibacterial activity but reduced
hemolytic effect.

Another remarkable approach was the one taken by Guo
and co-workers (Qin et al., 2003; Qin et al., 2004), in which
they utilized the propensity of tyrocidine A precursor to form a
conformation highly favorable for head-to-tail cyclization (Bu
et al., 2002). They prepared tyrocidine A precursor peptides
with amino acids at positions 3, 4, 5, and 6 replaced by dif-
ferent amino acids (4, 2, 4, and 6 different amino acids each
position). The parallel synthesis allowed fairly large number of
diversity (4x2x4x6=192), and they could obtain more potent
and less toxic compound.

Cyclic peptides from split-and-pool synthesis

As described above, synthetic approach allows the incor-
poration of non-ribosomal amino acids in the cyclic peptide.
However, the diversity that could be obtainable from the ge-
netic approach cannot be reached with the sequential paral-
lel synthesis. Split-and-pool synthesis allows the preparation
of peptide libraries in large scales, and many linear peptide
libraries have been prepared and screened for biological ap-
plications. Preparation of cyclic peptide libraries by split-and-
pool synthesis is not difficult in terms of synthesis. The bottle-
neck is the sequence identification after the hit is selected.
Recent advancement in high-throughput sequence determina-
tion allows the peptide sequence determination for hundreds
micro-beads in a short time, compared to automated Edman
analysis which analyzes each bead individually. During partial
Edman degradation process, the portion of peptides is kept
intact with the help of capping reagents while the peptides are
degraded by PITC. At the end of the degradation, each bead
yields a ladder of peptides for mass analysis (Sweeney and
Pei, 2003; Thakkar et al., 2006). While this technology was
not applicable to cyclic peptides, spatial segregation of cyclic
peptides on the bead surface allowed both high-throughput
screening and high-throughput sequence determination of cy-
clic peptides for binding to the target molecules (Joo et al.,
2006). The cyclic peptides are displayed on the surface of the
microbeads while the corresponding linear peptide is inside
the beads for sequence determination (Fig. 3 top). The cyclic
peptides displayed on the outer layer can be used for screen-
ing, and the linear peptide can be used for sequence determi-
nation by Edman degradation. With this approach, cyclic pep-
tides binding to streptavidin and prolactin receptor have been
selected (Joo et al., 2006; Liu et al., 2009), and cyclic peptides
inhibiting enzymes were optimized (Liu et al., 2010). Split-and-
pool synthesis combined with spatial segregation allows high
throughput screening and sequence determination of cyclic
peptides for biological activity, and insertion of non-ribosom-
al amino acids are possible. This method utilizes on-bead
screening for binding to the target molecules and the amount
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of peptides on microbeads can be as little as 100 pmol. Mil-
lions of unique cyclic peptides can be screened at a time with
this method in a fairly short time, while the throughput with
individual synthesis was hundreds of compound at a time with
a lot of time and effort. In addition to on-bead screening, cy-
clic peptides could be released from the beads and used for
in-solution screening (Fig. 3 bottom). In that case, peptides
released from microbeads are not sufficient for the screen-
ing and macrobeads have to be used instead of microbeads.
Although the use of macrobeads reduces the throughput, this
still provides fast and high throughput screening compared to
individual synthesis (Xiao and Pei, 2007). Separate from the
spatial segregation approach, “two compounds, one bead”
approach was developed by Kodadek and coworkers (Kwon
and Kodadek, 2008). In each bead of their library, unique cy-
clic peptoid containing Cys residue is synthesized; Cys is in-
cluded for the coupling on the maleimide-activated glass slide
for microarray screening. On the same bead is synthesized
the corresponding linear peptoid not containing Cys residue
for sequence analysis by MS. This approach is useful for mi-
croarray screening of cyclic peptoid as well as cyclic peptide.
As shown so far, split-and-pool synthesis allows the screening
of cyclic peptides with on-bead screening, in-solution screen-
ing, and microarray screening for biological activity with high
throughput.

CYCLIC PEPTIDES AS BIOCHEMICAL TOOLS

In the previous paragraphs, cyclic peptides with clinical ap-
plications, the genetic and synthetic approaches to develop
cyclic peptide compounds were discussed. Now, potential ap-
plications of cyclic peptides as biochemical tools will be dis-
cussed.

Cyclic peptides as receptor agonists/antagonists

Structural rigidity combined with diverse peptide sequence
can provide a binding motif toward target molecules. Com-
pared to small molecules, they can be more selective while
the size of molecule can be smaller than protein molecules
such as antibodies and growth factors. The RGD peptide
shown above can be a good example of cyclic peptide as re-
ceptor binding molecule. We can find more examples in which
cyclic peptides work on receptors. One nice approach from
Park and coworkers was to synthesize a mimetic of a mono-
clonal antibody specific for the p185HER2/neu growth factor
receptor (Park et al., 2000). A cyclic peptide formed with a
disulfide linkage with the sequence FCDGFYACYMDV could
inhibit p185HER2/neu tyrosine kinases both in vitro and in
vivo. Cell surface receptors can be good targets for cyclic pep-
tide compounds as the peptide would work on the cell surface
and it is not necessary for the peptide to cross the cell mem-
brane. Another example is the antagonist against CXCR4 che-
mokine G protein-coupled receptor (GPCR) (Lalonde et al.,
2011). CXCR4 chemokine GPCR has been recognized to be
involved in the metastasis of cancer, and the entry of virus
into host cells. T140 analogs are disulfide containing cyclic
peptides modified from tachyplesin, a self-defense peptide of
horseshoe crabs (Tamamura et al., 1998; Tamamura et al.,
2006). These peptides can effectively bind to the receptor as
antagonist. Even though diverse libraries were not screened,
these compounds show reasonable binding affinities toward
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target molecules with biochemical activity. Cyclic peptides
screened for prolactin receptor binding by Pei and coworkers
are good example of cyclic peptide synthesized de novo (Liu
et al., 2009). Millions of cyclic peptides were screened using
on-bead screening of peptide library synthesized with split-
and-pool synthesis described above, two rounds of screen-
ing yielded peptides with dissociation constants in micromolar
range.

RNA binding cyclic peptides

Gene expression can be regulated in multiple levels, and
RNA can be a target of regulation as seen in RNA interfer-
ence (RNAI). The use of cyclic peptides can be one way to
modulate RNA activity or stability as shown by Varani and co-
workers (Athanassiou et al., 2004; Athanassiou et al., 2007).
Initially, they developed BIV2 and related molecules that bind
to transactivator response element (TAR) RNA of bovine im-
munodeficiency virus (BIV). BIV2 works as an inhibitor of Tat-
TAR interaction, which is essential for the viral replication.
They developed this compound by coupling a D-Pro-L-Pro
dipeptide to the peptide sequence from Tat protein, mimicking
B-hairpin structure found in the Tat-BIV TAR complex. They
could synthesize a compound with nanomolar affinity, and
their compound was later modified to work on HIV virus with
the same principle (Lalonde et al., 2011). Interestingly, their
compounds happened to be cell permeable and could work on
the target inside the cell.

While the above example was limited to certain type of
RNA, it would be nice to have cyclic peptide molecules binding
to the RNA of interest. This would allow us temporal regulation
of gene expression with stable peptide compounds.

Cyclic peptides as enzyme inhibitors

As explained above, cyclosporin A inhibits phosphatase
activity of calcineurin to exert its immunosuppressive action.
Among naturally occurring cyclic peptides, there are protease
inhibitors such as sunflower trypsin inhibitor-1 (sfti-1) compris-
ing in 14 amino acids (Colgrave et al., 2010). In addition to
these natural peptides, several cyclic peptides have been de-
veloped as enzyme inhibitors. Peptidylprolyl isomerase Pin1
is an enzyme altering the conformation of Pro residue in spe-
cific peptide sequences containing phosphorylated Thr/Ser
followed by Pro. Cis-trans isomerization mediated by Pin1 is
important in cell cycle regulation, and Pin1 can be a target for
regulating cell cycle progress. While there were many inhibi-
tors developed against Pin1 enzyme, small molecules were
not selective enough, and peptide-based inhibitors were liable
to proteolyic degradation. Pei and co-workers synthesized and
screened cyclic peptide library against the catalytic domain
of Pin1 to derive an inhibitor with nanomolar affinity (Liu et
al., 2010). Their screening was based on the binding of target
protein to the cyclic peptide displayed on the microbead sur-
face, and millions of unique cyclic peptides were tested during
screening. Next example is the inhibitor against E. coli dam
methyltransferase. Using the SICLOPPS technology, Benkov-
ic and coworkers screened for cyclic peptides inhibiting the
dam methyltransferase (Naumann et al., 2008). In addition to
the examples shown here, we can find cyclic peptide inhibitors
against proteasome (Stauch et al., 2010), HIV integrase (Hay-
ouka et al., 2010), phosphatase (Hayashi et al., 2011), and the
list is getting longer and longer.
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CONCLUSION

Cyclic peptides have several structural features making
them good drug leads, and there are several naturally oc-
curring cyclic peptides in clinical use. In addition, biologically
active cyclic peptides have been developed with genetic and
synthetic approaches and they are useful as therapeutics and
biochemical tools. With the introduction of new high through-
put screening methods, there will be more cyclic peptides
working as receptor agonists/antagonists, RNA binding mol-
ecules, and enzyme inhibitors.
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