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’ INTRODUCTION

Cyclotides1 are plant-derived peptides that, in addition to
having a head-to-tail cyclic backbone, contain three conserved
disulfide bonds forming a cystine knot motif. They comprise
approximately 30 amino acid residues, and their unique structure
engenders themwith exceptional stability;2 cyclotides retain their
biological activity after boiling and are remarkably resistant to
enzymatic degradation. In a sense, they can be regarded as
molecules that have the structure of proteins but the stability
of organic chemicals. The prototypical member of the cyclotide
family, kalata B1, was originally discovered in the 1970s as an
active uterotonic agent in a medicinal tea used in Africa to
accelerate childbirth, although it was not structurally character-
ized at the time.3,4 Following later independent reports in the
1990s of a few cystine-rich macrocyclic peptide sequences5,6 and
structures,7 a large number of macrocyclic peptides of similar
structure were discovered in plants from the Rubiaceae (coffee)
and Violaceae (violet) families, leading to the recognition and
naming of the family as cyclotides (cyclopeptides) in 1999.1 It is
estimated that around 50000 cyclotides might exist,8 although so
far, the sequences of only ∼160 have been reported.9,10

Figure 1 shows the characteristic cyclic cystine knot (CCK)
structure of cyclotides and illustrates the diversity of sequences
present in the various loops in their structures. The loops
are defined as the backbone segments between successive
cysteine residues. Loops 1 and 4, combined with their connecting
disulfide bonds, form an embedded ring through which a third
disulfide bond is threaded to make the cystine knot motif. In
contrast with the relatively conserved nature of residues in loops
1 and 4, loops 2, 3, 5, and 6 show a remarkably diverse range
of sequences. This diversity, displayed on a conserved core, has

led to the description of cyclotides as nature’s combinatorial
template.11

Cyclotides fall into twomain subfamilies,M€obius and bracelet,
depending on the presence or absence, respectively, of a cis-X-
Pro peptide bond in loop 5 of the sequence, which introduces a
conceptual “twist” in the cyclic peptide backbone.1 A third
subfamily, the trypsin inhibitor cyclotides, contains just two
members, MCoTI-I and MCoTI-II, which are also referred to
as cyclic knottins.12

The majority of cyclotides discovered so far have been found
in plants of the Rubiaceae and Violaceae families. However, their
distribution within these families differs significantly.8 The hit
rate for the detection of cyclotides in Rubiaceae plants is about
5%, whereas in the Violaceae family, it is 100% for the species
examined so far.8 Individual plants typically contain many cyclo-
tides, which are found in varying quantities in different tissues.13

The trypsin inhibitor cyclotides MCoTI-I and MCoTI-II are the
only macrocyclic peptides reported so far in the Cucurbitaceae
plant family.14,15 We include them under the category of cyclo-
tides as they have a characteristic cyclic cystine knotmotif and are
derived from plants; however, except for the six conserved
cysteine residues, their sequences are very different from other
cyclotides.12 In addition to the Rubiaceae, Violaceae, and
Cucurbitaceae plant families, recently we reported the discov-
ery of cyclotides in Clitoria ternatea, a plant from the Fabaceae
family.16 This discovery represents an important new deve-
lopment because the Fabaceae is the third largest family of
plants on Earth, comprising∼18000 species, some of which are
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ABSTRACT: Cyclotides are head-to-tail cyclic peptides that
contain a cystine knot motif built from six conserved cysteine
residues. They occur in plants of the Rubiaceae, Violaceae,
Cucurbitaceae, and Fabaceae families and, aside from their natural
role in host defense, have a range of interesting pharmaceutical
activities, including anti-HIV activity. The variation seen in se-
quences of their six backbone loops has resulted in cyclotides being
described as a natural combinatorial template. Their exceptional
stability and resistance to enzymatic degradation has led to their
use as scaffolds for peptide-based drug design. To underpin such applications, methods for the chemical synthesis of cyclotides have
been developed and are described here. Cyclization using thioester chemistry has been instrumental in the synthesis of cyclotides for
structure�activity studies. This approach involves a native chemical ligation reaction between an N-terminal Cys and a C-terminal
thioester in the linear cyclotide precursor. Since cyclotides contain six Cys residues their syntheses can be designed around any of six
linear precursors, thus providing flexibility in synthesis. The ease with which cyclotides fold, despite their topologically complex knot
motif, as well as the ability to introduce combinatorial variation in the loops, makes cyclotides a promising drug-design scaffold.



4806 dx.doi.org/10.1021/jo200520v |J. Org. Chem. 2011, 76, 4805–4817

The Journal of Organic Chemistry PERSPECTIVE

used widely in human nutrition, including for example, peas
and beans.

Cyclotides are of interest because of their unique topological
features, remarkable stability, widespread geographical distribu-
tion in plants, and promising applications in drug design and in
agriculture. Our focus here is on their chemistry. Figure 2 gives an
overview of the important role that chemistry has had in the
discovery and applications of cyclotides; the listed biological
activities are separated into “natural” functions, associated with
their host defense (agricultural) role, and “unnatural” activities as
far as plant function is concerned. The latter activities typically
were discovered in random screening programs of plants for
human pharmaceutical applications. Such an approach to screen-
ing for pharmacological bioactivities is not restricted to cyclo-
tides and is just one example of a rich history of drug discovery

from plant sources.17 This discovery route serves to illustrate the
similarities between cyclotides and conventional druglike organic
molecules: a theme we would like to emphasize.

There have been several reviews on cyclotides that have
covered aspects of their discovery,12,18�21 characterization,22

biological activities,23 and applications.21,24 These topics will
not be addressed in detail here; rather, the focus will center on the
organic chemistry of cyclotides and, in particular, on chemical
approaches to their synthesis and folding. Consistent with this
chemistry focus, we begin with a brief discussion of their chromato-
graphic and spectroscopic properties, including the use of mass
spectrometry for sequencing andNMR for structure determination.

’ ISOLATION AND SEQUENCING

Although cyclotides were formally recognized as a family only
a decade ago,1 the discovery of the prototypical member
occurred indirectly in the early 1970s when Norwegian research-
ers partially characterized a peptide, kalata B1 (kB1), from the
African plantOldenlandia affinis.25�27 Edman chemistry was used
to obtain sequences from enzyme digests of a uterotonic peptide
that was deduced to be approximately 30 amino acids in size.
Based on an apparently blocked N-terminus and supporting
enzyme fragmentation data, they initially hinted at the possibility
of the peptide having a macrocyclic structure but later rejected
this hypothesis on the basis of inconsistency with carboxypepti-
dase digestion studies.25 With the benefit of hindsight, we believe
some of these cleavage studies might have been confounded by
the presence of contaminating amounts of endopeptidases in the
carboxypeptidase digest, leading to spurious fragmentation. It
was not until 1995 that the 29-amino acid macrocyclic nature of
kalata B1 was unequivocally established using a combination of
enzyme digestion (after reduction of disulfide bonds), mass
spectrometry and NMRmethods.7 These studies coincided with
the discovery of several other macrocyclic peptides of similar size
and sequence from other Rubiaceae plants,5,6 as well as an
example from a Violaceae plant.28

Since these early studies, a range of approaches to isolate
cyclotides fromplant tissues has been developed.1,5,29Most recently,
a three-step systematic approach to the identification of cyclo-
tides from plant extracts was reported8 and includes the following
steps after a methanol-based extraction: (1) identification of the
late-eluting fractions on reversed-phase HPLC; (2) confirmation
that their mass is consistent with typical cyclotides, i.e., 2700�
3800 Da; and (3) observation of an increase in mass of 18 Da on

Figure 1. Structure of the cyclic cystine knot framework of the
cyclotides. (a) The framework displays six loops, separated by six
successive cysteine residues, numbered I�VI according to their order
in the linear precursor protein. The ring formed by loops 1 and 4 with
their connecting disulfide bonds is penetrated by the third disulfide bond
between cysteine residues III and VI to form the cystine knot motif.
(b) Example sequences from the M€obius (kalata B1, kB1), bracelet
(cycloviolacin O1, cO1), and trypsin inhibitor (MCoTI-II) subfamilies
of cyclotides are shown, with the conserved cysteine residues shaded.
(c) Statistics from the cyclotides discovered so far are summarized,
showing the number of residues and the number of different sequences
in each of the loops.

Figure 2. Overview of the partnership between chemistry and biology in the discovery and application of cyclotides. Cyclotide bioactivities were
originally discovered while screening for pharmaceutical activities, but their activities were later broadened in scope by targeted studies of their natural
functions. Knowledge of cyclotide structures and activities can be used as a starting point for chemical modifications to produce pharmaceuticals,
diagnostics, and agrichemicals, which take advantage of the exceptional stability of the cyclotide framework relative to conventional peptides.
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cleavage with endo-GluC.16 The characteristic late elution in
reversed-phase HPLC18,30 (Figure 3) arises from the presence of
a patch of hydrophobic residues on the surface of cyclotides.7,31

Cyclic peptides present a fundamental difficulty for sequen-
cing because they have neither an N- nor a C-terminus, thus
blocking conventional sequencing approaches such as Edman
degradation as well as more recent MS-based approaches. Further-
more, cyclotides are completely resistant to enzymatic proteo-
lysis in their native oxidized state.2 Therefore, the standard
method for preparing cyclotides for sequencing has been to
reduce the disulfide bonds, alkylate the free thiols, and then
cleave the cyclic peptide with selected enzymes to liberate ter-
mini for sequencing.32 Endoproteinase GluC (endo-GluC) has

been extensively used for this purpose and has the advantage that
so far, all cyclotides, with the exception of kalata B12, have a
conserved Glu in loop 1 but few other Glu residues in the
sequence.2 Thus, there is generally only one target site for endo-
GluC. Trypsin has also been used extensively in sequencing
efforts, as has a combination of both enzymes.13 Edman sequen-
cing has now been essentially replaced with MS-based
approaches in which a series of fragment ions can be used to
successfully trace the amino acid sequence.13

Figure 3 shows an example of the isolation and sequencing of
the cyclotide vhl-1 from leaf tissue of the native Australian violet,
Viola hederacea. A combination of trypsin- and endo-GluC-
cleavage produced three peptide fragments that were individually
sequenced and then stitched together to deduce the circular
peptide.13 This particular cyclotide is unusual in that it contains
multiple Glu residues, but the method works well provided at
least one Glu is present.

It is becoming more common to conduct the sequencing of
natural peptides based on discovering their encoding nucleic
acids, and this has been particularly successful for cyclotides.
Using primers designed against conserved sequence elements
near the endoplasmic reticulum (ER) signal sequence of cyclo-
tide precursors has proved to be extremely useful in isolating
novel cyclotide sequences.33�40 There is often a close interplay
between sequence discovery at the protein and nucleic acid
levels, with each approach providing information that can be used
to guide discovery at the other chemical (peptide or nucleic
acid) level.

A web-based database (www.cybase.org.au) has been devel-
oped to curate the sequences of cyclotides and other circular
proteins, both at the amino acid and nucleic acid levels.9,10 The
website contains a number of tools to allow analysis of cyclotide
sequences and statistics and was used, for example, to generate
the loop statistics in Figure 1. Other tools include mass spec-
troscopy fingerprint searching for sequencing and prediction of
digestion fragments, as well as tools for analysis of linear and
cyclic permutants and synthetic analogues of cyclotides.9,10

’THREE-DIMENSIONAL STRUCTURES

The three-dimensional structures elucidated so far for cyclo-
tides have been derived almost exclusively by NMR,41 with the
exception of one cyclotide, varv F, for which both an NMR and
X-ray crystal structure exists,42 and a few cases where the
structures have been modeled.43,44 In all cases, the cystine knot
forms the core of the molecule and is surrounded by a β-sheet
structure comprising a well-defined β-hairpin and a less ordered
third β-strand. The unique cyclic cystine knot structure of the
prototypic cyclotide kalata B1 was first reported in 1995.7 As is
typically the case for determining the structure of peptides of this
size, a series of distance restraints was derived from NOESY
spectra and used in simulated annealing calculations. These
distance restraints were supplemented by hydrogen bonding
restraints derived from amide exchange experiments in which a
sample of kalata B1 was dissolved in D2O and the rate of
disappearance of the amide protons was monitored over time.
Kalata B1 contains three proline residues among its 29 residues,
and therefore, a total of 26 backbone amides. Unusually for a
protein of this small size, 10 of these 26 backbone amide protons
were slowly exchanging in D2O, providing an immediate indica-
tion that the structure is well folded and contains extensive
internal hydrogen bonding interactions.7

Figure 3. Overview of the isolation and sequencing of cyclotide vhl-1
from V. hederacea. (a) Late-eluting fractions on reversed-phase HPLC
of a leaf extract were identified (upper trace) and purified (lower trace).
(b) Reduction of the disulfide bonds followed by partial enzymatic
digestion with trypsin and endo-GluC yielded fragments, which were
then sequenced using mass spectrometry and subsequently combined to
give the cyclotide sequence.13
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At the time that the structure of kalata B1 was first determined,
it had not proved possible to determine disulfide connectivities
using chemical means, and they were instead deduced from the
NMR spectra.7 This is not a trivial task because the assumption
that the observation of NOEs between two cysteine residues
implies connectivity is not always correct. We used a detailed
analysis of energies and geometries of alternative disulfide-bonded
forms to deduce the likely knotted topology. The dangers of the
simple assumption of cross-Cys NOEs implying disulfide con-
nectivity were highlighted in a study of kalata B1 by another
group who incorrectly proposed a nonknotted disulfide connec-
tivity based on this assumption.45 However, after subsequent
studies46 providing chemical evidence for the knotted disulfide
connectivity, and additional NMR studies,31,47 it is clear that the
knotted disulfide form is the correct structure. X-ray structures
have also confirmed this connectivity.42

Figure 4 shows NMR data used to calculate the three-dimen-
sional structure of vhl-1,13 including aTOCSY spectrum(Figure 4a)
used to assign amino acid spin systems and a NOESY spectrum
(Figure 4b) used to generate distance restraints. The full three-
dimensional structure was determined using simulated annealing
based on distance and angle restraints and, as is typical for NMR
structures, is represented, in the first instance, as a family of
superimposed structures that match the experimental restraints
(Figure 4c). The ensemble is well-defined and highlights the
relative rigidity of the cyclotide scaffold. Figure 4d shows a cartoon
representation of the global fold, which can be considered to be a
conserved CCK onto which various loops are superimposed. The
amino acid side chains in these loops dictate the primary interac-
tions of cyclotides with their biological targets, thought to be
membranes,48 rather than protein-based receptors.

’CHEMICAL MODIFICATION OF CYCLOTIDES

Cyclotides are amenable to a number of chemical modifica-
tions, including reduction and alkylation of their disulfide bonds
and/or functionalization of individual amino acid residues. As
already noted, the reduction and alkylation of the disulfide bonds
is an important routine step for the sequencing of cyclotides, but
reduction has also been applied in a number of studies that have
looked at the role of the cyclic cystine knot in the structure and
activities of cyclotides. In one such study, reduction and alkyla-
tion of the disulfide bonds in cycloviolacin O2 (cO2) resulted in
complete loss of cytotoxic activity against human lymphoma
cells.49 The proposed explanation was that loss of the stability
engendered by the cyclic cystine knot resulted in distortion of the
structure and possible burial of bioactive residues within the
protein.49 Similar results have been found for kalata B1.2

Other chemical modifications that have been applied to native
cyclotides include the derivatization of key functional groups.
G€oransson and co-workers showed, for example, that the surface-
exposed Glu, Lys, and Arg residues in cO2 have a role in its
cytotoxicity against human lymphoma cells.49 Chemical mod-
ification of each of these residues, individually and in combina-
tion, as shown in Figure 5, allowed the effect of specific charged
residues to be studied. Whereas masking either the single Arg
residue or the two Lys residues resulted in minimal or no loss of
potency, modification of all positively charged residues caused a
7-fold decrease in activity, thus suggesting the importance of at
least one cationic residue. Methylation of the single Glu residue
resulted in a 48-fold decrease in activity, indicating that this
negatively charged residue is crucial, either for the interaction of
the cyclotide with its target or for maintenance of the three-
dimensional structure.49

Figure 4. Structure determination of cyclotide vhl-1 by NMR. Cross-peaks in the two-dimensional NMR spectra are well dispersed and allow spin
systems and sequential connectivities to be determined from the TOCSY (a) and NOESY (b) spectra, respectively. The sequential walk confirms the
cyclic nature of the peptide backbone. The structure was determined using interproton distances, coupling constants and deuterium exchange data.
Structure calculations using torsion angle simulated annealing resulted in an ensemble of 20 energy-minimized conformers shown in (c). The first, and
every 10th, residue is numbered. The ribbon representation of vhl-1 shown in (d) highlights the key features of a cyclic cystine knot motif and the
secondary structural elements.13
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Native cyclotides have also been chemically labeled with
various tags to study their biological properties or assist with
their sequencing. Greenwood et al.,52 for example, labeled the
Lys residues of MCoTI-II with biotin to study the cell-penetrat-
ing properties of this cyclotide. Binding of streptavidin to the
biotin sites allowed the intracellular location of MCoTI-II to be
identified. G€oransson and co-workers32 used aminoethylation of
the Cys residues of a cyclotide to develop a loop sequencing
method. This approach adds a positivley charged group to the
Cys residues, turning them into pseudo-Lys residues that are
then amenable to cleavage by trypsin.

In general, all of the chemical reactions that have been applied
to cyclotides work well in quantititive yield and benefit from the
exceptional stability of cyclotides. The products may be readily
purified by HPLC and characterized by MS and NMR. These
observations support the proposal that in many ways cyclotides
can be considered to be more like stable small molecules than
peptides. Notwithstanding this impression, cyclotides are indeed
peptides, and this gives them some advantages in their de novo
synthesis relative to organic molecules; i.e., they can be made
using repetitive and reproducible methods of solid-phase peptide
synthesis.

’SYNTHESIS OF CYCLOTIDES

Although cyclotides can be purified in high yields from plant
material (up to 1 g/kg of plant tissue), synthetic chemical
methods can provide access to modified and “grafted” versions
of cyclotides. Furthermore, although naturally occurring cyclo-
tides contain a wealth of sequence diversity, the capacity to chemi-
cally synthesize cyclotides provides opportunities to explore the

structure�function relationships of individual amino acids by
makingmutants with specific sequence perturbations as well as to
develop cyclotides with new biological activities. A range of
methods has thus been developed over the past decade for the de
novo synthesis of cyclotides. Figure 6 outlines, in general, the
steps involved in cyclotide synthesis, the first of which is the
assembly of the polypeptide chain.
Chain Assembly by Solid-Phase Peptide Synthesis. Solid-

phase peptide synthesis (SPPS), the standardmethod for peptide
synthesis, involves coupling successive N-protected amino acids
to a growing peptide chain which is attached, by the C-terminus,
to a polymer resin.56 The heterogeneity of the reaction enables
byproducts and excess reagents to be easily washed away, thereby
greatly simplifying purification and increasing yields. The process
can also be automated, and this allows for rapid synthesis of
peptides of up to approximately 50 residues in length.
Regioselectivity of the amide bond formation is achieved by

N-protection of the coupling amino acid, most commonly with
either the tert-butyloxycarbonyl (Boc) or fluorenylmethyloxy-
carbonyl (Fmoc) protecting group. The Boc protecting group is
acid-labile and is removed with trifluoroacetic acid (TFA),
whereas the Fmoc protecting group is base-labile and is removed
with piperidine.57 Compared to Boc SPPS, Fmoc SPPS has some
advantages for automation and for synthesizing linear peptides
because of the use of less corrosive reagents and simpler cleavage
from the resin.58 However, Boc SPPS is currently the method
of choice for cyclotides because of its compatibility with the
chemistry involved in the cyclization process. In particular, the
native chemical ligation reaction used for the cyclization requires
a thioester linker at the C-terminus of the peptide. A disadvan-
tage of Fmoc SPPS for the synthesis of cyclotides is that the

Figure 5. Chemical modification of charged residues in cycloviolacin O2 (cO2).49 (a) Structure of cO250,51 showing the location of side chains that have
been the target of chemical modifications to explore structure�activity relationships. (b) Esterification of Glu6 by reaction with acetyl chloride in
methanol. (c) Acetylation of Lys23 and Lys25 with acetic anhydride. (d) Reaction of Arg29 with 1,2-cyclohexanedione. The peptide backbone of cO2 is
represented by a bold line in (b)�(d). The relative decrease in cytotoxicity as a result of single or multiple modifications is indicated by the down arrows.
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thioester is cleaved by piperidine. However, the advantages of a
rapid, automated synthetic method based on Fmoc chemistry
mean that there is much interest in exploring new methods of
cyclotide synthesis.
Attempts are currently being made to adapt either the

thioester linker or the Fmoc synthesis protocol so that that
Fmoc-based chemistry58,59 can be used in the synthesis of cyclic
peptides. Such an approach was demonstrated recently for the
synthesis of the bracelet cyclotide cO2.60 Standard SPPS building
blocks and Fmoc chemistry were used to assemble the peptide
chain and cleave it from the resin. The thioester required for

ligation of the N and C termini was then formed in solution by
reaction of the protected peptide chain with a thiol.
Native Chemical Ligation for Cyclization.The native chemi-

cal ligation strategy now typically used for the cyclization of
cyclotides was originally developed for the joining of two or more
peptide segments to allow synthetic access to large peptides.
Because of the ever-decreasing total yields obtained in stepwise
chain assembly of large peptides it is preferable to synthesize
them by the chemical ligation of two or more peptides to pro-
duce a single chain. Early approaches to the problem of ligating
multiple chains involved incorporating a nonpeptide bond at the
ligation site,61,62 but in 1994, Kent and co-workers introduced
the technique of native chemical ligation (NCL). In this method,
two unprotected peptide segments are joined with a peptide
bond, thus producing a “native” backbone.53

As shown in Figure 7, NCL involves nucleophilic attack on the
C-terminal R-thioester by the side-chain thiol of the N-terminal
cysteine to form a thioester-linked intermediate. An S,N-acyl
transfer rearrangement then produces the native peptide bond
backbone and the free cysteine thiol.53,63 Formation of the
thioester-linked intermediate locates the N-terminal amine in
the vicinity of the C-terminus for the subsequent formation of the
peptide bond, thereby providing “entropy activation”.64,65 The
proposed thioester intermediate was isolated as the ligation
product of a C-terminal thioester and a peptide bearing an
acetylated N-terminal cysteine.53 When the N-terminal amine
was not acetylated, the ligation product was resistant to nucleo-
philic attack and could form disulfide bonds, indicating that
S,N-acyl transfer had taken place.53 Involvement of an ionized
thiolate was suggested by the reduced reaction rates below pH 6.
Camarero andMuir first reported the synthesis of a cyclic peptide
via this approach,66 and native chemical ligation has since been
widely used for the cyclization of a variety of natural and
engineered cyclic peptides. The approach was readily adapted
to cyclotide synthesis in the late 1990s.30,67,68

Ligation Assistance: The Thia-Zip Mechanism? The invol-
vement of an N-terminal cysteine in native chemical ligation is
well established, but the role, if any, played by internal thiols in
the sequence is not as well understood. In cyclotides, which have
five internal cysteine residues, it has been proposed that these
nonterminal cysteine residues also assist in the cyclization
process. The first reports of the use of native chemical ligation
suggested the possible involvement of internal cysteine residues
but not in increasing the rate of ligation.53 In 1996, Tam and co-
workers suggested a “thia-zip” mechanism, in which the rever-
sible formation of thioesters between internal cysteine residues
and the C-terminal carboxyl helps to increase the rate of cycli-
zation.54,72 This thiol�thiolactone exchangewith side-chain thiols is
thought to be analogous with the aza-zip mechanism, providing
entropy activation by gradually increasing the ring size.54,72 In
the thia-zip reaction, as described by Tam et al., internal cysteine
residues undergo reversible transthioesterification with the C-term-
inal thioester, gradually increasing the ring size until a thiolactone is
formed between the N-terminal cysteine and the C-terminal
carboxyl as shown in Figure 8.67 An irreversible, spontaneous S,
N-acyl transfer then takes place to form the peptide bond, complet-
ing the native backbone of the cyclic peptide.
Although the thia-zip reaction appears to be a plausible expla-

nation for the rate enhancement observed in the presence of
internal thiols, Tam et al. were unable to establish whether the
transthioesterification is sequential along the chain, as depicted
in Figure 8, or whether all internal thiols are involved.54 The

Figure 6. Overview of the chemistry associated with the synthesis,
cyclization, and folding of cyclotides. Discrete steps in the process are
indicated by blue circles and commence with chain assembly using solid-
phase peptide synthesis (SPPS) with either Boc or Fmoc protecting
groups. Cyclization is typically achieved using native chemical ligation
chemistry,53 which requires that the sequence be assembled with a
cysteine residue at the N-terminus. Cyclotides contain six cysteine
residues (numbered with roman numerals), and therefore, there are
six possible starting points, two of which are indicated by green arrows
on the right of the diagram adjacent to CysIV and CysV, respectively. The
peptide sequence on the inner circle, indicated by one-letter amino acid
codes with disulfide bonds as red bars, is that of MCoTI-II, the
prototypical trypsin inhibitor cyclotide. It has been proposed that
cyclization is assisted by a “zip” mechanism in which successive inter-
mediate thiols assist in bringing together the N and C termini.54 As
indicated at the bottom of the diagram, folding and oxidation are usually
done after cyclization, typically in an ammonium bicarbonate buffer. In
principle, oxidation could be done first, followed by cyclization. How-
ever, cyclization followed by oxidation is preferable as higher yields are
obtained. A number of biomimetic routes to the synthesis of cyclotides
have been proposed and the starting points for these are indicated by
green arrows. In the chemo-enzymatic approach, a linear peptide is
assembled and oxidized and subsequently cyclized using an enzyme.55

The in vivo biosynthetic starting point in loop 6 is indicated by a green
arrow. Finally, the upper left of the diagram indicates possible applica-
tions of the chemistry of cyclotides, including the substitution of
individual residues (mutagenesis) or grafting (i.e., the replacement of
a small group of amino acids with another group of “foreign” amino
acids).
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proposed mechanism, however, is supported by the observation
that the formation of the thiolactone is rate-limiting and sequence-
dependent. The involvement of internal cysteine residues was also
indicated in another study in which glycine or alanine spacers were
placed between the cysteine residue and the N-terminus and it was
found that the highest ligation rates (compared to a cysteine-
lacking control) were obtainedwhen the cysteinewas 5�6 residues
from the N-terminus.73 Consideration of the proposed ring�chain
tautomeric equilibrium and reversible S-acylation makes the thia-
zip mechanism an intuitive explanation for the increased cycliza-
tion rate on the grounds of equilibrium principles.72 When several
internal cysteine residues are present, the availability of several
isomeric thiolactone conformations with different ring sizes would
shift the equilibrium in favor of the product.55

Since the early studies, the cyclization of several classes of
cysteine-rich cyclic peptides, including cyclotides and R-defensins,

has been attributed to the thia-zip mechanism.54,74 Studies on
the different ring sizes formed during S,N-acyl transfer seem to
indicate that some macrocyclic ring sizes (such as 5- and
17-membered rings) are favored over others (8-, 9-, 11-, and
12-membered rings) in terms of the reaction rate.54,72,73 How-
ever, there have been no systematic studies on the correlation of
the positions of internal thiols with reaction rate. Although the
thia-zip reaction may aid in the cyclization of cysteine-rich pep-
tides and, thus, prove to be an additional advantage of these
peptides as potential drug scaffolds, it is not essential for cycli-
zation. Direct ligation of peptides lacking internal cysteine residues
occurs readily, especially at unhindered ligation sites.73

’FOLDING OF CYCLOTIDES

The complete synthesis of a functional cyclotide requires
not only chain assembly and cyclization but also requires the
oxidation of the Cys residues to form into their correct pairs of

Figure 8. Proposed mechanism of the thia-zip reaction. Nucleophilic
attack (a) by a cysteine thiol close to the C-terminal thioester forms an
intramolecular thiolactone. Reversible transthioesterification (b) then
results in a gradual increase in the ring size of the thiolactam (c). This
brings the N and C termini into close proximity for an S,N-acyl transfer
to take place (d), forming the cyclic peptide backbone (e).

Figure 7. Mechanism of the native chemical ligation strategy for joining
two peptide segments with a “native” amide bond. The reaction requires
a peptide bearing a C-terminal thioester and a peptide bearing an
N-terminal cysteine. (a) Transthioesterification results in the formation
of an intermediate thioester (b) in which the two peptides are joined
with a non-native backbone. (c) Irreversible S,N-acyl transfer then
regenerates the cysteine thiol side-chain and forms the native peptide
bond. (d) A single linear peptide with a C-terminal thioester and an
N-terminal cysteine can be cyclized by the native chemical ligation
strategy. Although Cys is a rare amino acid in most proteins and several
studies have investigated alternatives to the need for an N-terminal
cysteine,63,69�71 Cys is remarkably abundant in cyclotides, thus making
native chemical ligation an ideal strategy for their cyclization. A
convenient cysteine position for ligation can be chosen and the high
effective molarity of the reaction results in high yields.30
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disulfide bonds. The latter process is referred to as oxidative
folding.75 In principle, this folding can be carried out before or
after backbone cyclization, as illustrated in Figure 9. One early
synthesis of cyclotides was achieved using the strategy of oxida-
tion before cyclization,30 as it was predicted that formation of the
disulfide bonds would bring the N and C termini into close
proximity and accelerate the cyclization reaction as had been
suggested for the cyclization of other folded protein domains.76,77

This strategy would preclude any involvement of the thia-zip
mechanism as described above. Although oxidation before cycliza-
tion was successful, higher yields of correctly folded protein were
obtained by the second strategy, in which cyclization is carried
out prior to oxidation.30 It was suggested that entropic factors
might have a role in the improved folding efficiency, as entropic
losses on folding are presumably less in the cyclic than the linear
peptide.30

Some naturally occurring cyclotides, such as kalata B1 and
MCoTI, readily form the correct disulfide bond connectivities
directly from their unprotected precursors,30,78 whereas others
require a two-step method using two orthogonal pairs of cysteine
protecting groups. The latter strategy was employed to prevent
the formation of incorrect disulfide isomers in an early synthesis
of circulin A.67 Four of the cysteine residues were protected with
a 4-methylbenzyl protecting group, which was removed dur-
ing the HF cleavage of the peptide from the resin. After
formation of the first two disulfide bonds, the remaining two
acetamidomethyl-protected cysteine residues were depro-
tected and oxidized.67

The mechanistic details of the folding pathways, i.e., the order
in which the various disulfide bonds are formed, have been
studied for several cyclotides, including kalata B130,79 cO260 and
MCoTI-II.75,78 In a few cases, stable two-disulfide intermediates
have been identified on the folding pathway. Interestingly, in one
case (MCoTI-II), the intermediate is a direct precursor of the
final folded product, whereas in the other (kalata B1) it is a
kinetic trap that must be shuffled to an alternative form for

productive folding.77 In such studies of cyclotide folding path-
ways, the ability to make chemical mutants of cyclotides has
helped to elucidate the nature of intermediates and pathways. For
example, Daly et al. synthesized a di-Ala mutant in which two of
the Cys residues were replaced by Ala. This mutant effectively
mimicked a two-disulfide intermediate and showed that it had a
native-like structure.79

Several studies have focused on identifying conditions that
favor the folding of cyclotides.30,60,80 It was noted early on that
since cyclotide structures have a small surface-exposed patch of
hydrophobic residues, formation of this patch might be favored
by doing the folding reactions in a hydrophobic environment.
Indeed, this proved to be the case and marked improvements in
yields were obtained by conducting the folding reactions in
buffers that contained up to 50% isopropanol.30 Studies have also
been reported on the use of a protein disulfide isomerase (PDI)
isolated from O. affinis to accelerate the folding of kalata B1.81

Although M€obius cyclotides appear to fold easily in vitro, the
bracelet subfamily has proven more challenging.60 A recent study
of synthetic chimeric cyclotides containing elements of both
subfamilies identified two crucial regions thought to be respon-
sible for the difficult folding of bracelet cyclotides in vitro.
Simultaneous addition of a Thr in loop 6 and replacement of
an Ile in loop 2 with a Gly resulted in a marked improvement in
folding yield of the bracelet cyclotide cycloviolacin O1.82 Both
changes make the modified cycloviolacin O1more like kalata B1,
a M€obius cyclotide, but the chimera is still formally a bracelet
cyclotide. In another approach to obtaining correctly folded
bracelet cyclotides, mis-folded intermediates on the folding
pathway of cycloviolacin O2 were identified, and folding condi-
tions were optimized to shuffle them to the native form.60

In a more recent folding study, a range of buffer conditions,
cosolvents, and redox agents was examined to optimize folding,
especially of bracelet cyclotides.80 It was found that the folding of
cyclotides was heavily influenced by the concentration of redox
agents, with both the folding rate and yield of native isomers
greatly enhanced by high concentrations of oxidized glutathione.
As noted previously, the addition of hydrophobic solvents to the
buffer also enhanced the folding rates and, in some cases,
appeared to alter the folding pathway. In an interesting finding,
it was noted that the ability of 2-propanol to stabilize the native
form of kalata B1 was also useful in preventing its deamidation.
Kalata B1 contains an Asn-Gly sequence that is solvent exposed,
consistent with it being the site of backbone cyclization. This
makes it susceptible to potential deamidation via formation of a
succinimide, followed by ring-opening to form Asp or iso-Asp as
illustrated in Figure 10. A detailed HPLC and MS analysis of the
folding process found that, for reactions carried out in ammo-
nium bicarbonate buffer lacking isopropanol, additional peaks
were found that had a mass one unit higher than the native
peptide.80 MS�MS analysis localized the mass increase to the
Asn residue, consistent with conversion of Asn to Asp or iso-Asp.
These derivatives constitute the major products under condi-
tions when the folding rates are slow and in the absence of
2-propanol. Thus, besides demonstrating an important stabiliz-
ing effect of 2-propanol, the data suggest that deamidation can
occur when the peptide is flexible in solution.80

’BIOSYNTHESIS: FOLLOWING WHAT NATURE DOES?

Cyclotides are biosynthesized via processing from precursor
proteins that encode one, two, or three mature cyclotide

Figure 9. Alternative strategies for the cyclization and oxidation of
cyclotides. The linear peptide (a) can be oxidized first to form the cystine
knot and bring the N and C termini together (b). Cyclization then
forms the native peptide backbone (d). Alternatively, the linear peptide
(a) may react first to form the cyclic peptide backbone (c) and then be
oxidized to form the disulfide connectivities as shown in (d). Cysteine
residues are denoted by dots on the peptide chain.



4813 dx.doi.org/10.1021/jo200520v |J. Org. Chem. 2011, 76, 4805–4817

The Journal of Organic Chemistry PERSPECTIVE

domains.33 In some cases, the precursors encode multiple copies
of the same cyclotide, and in others, mixtures of different
cyclotides are present.33,34,39 The cyclotide domains are flanked
by both N-terminal and C-terminal propeptide sequences. This
multiple-cyclotide-per-precursor strategy is consistent with the
large number of cyclotides typically produced in a single plant.
Although not all of the details of the processing events that excise
cyclotides from their precursors are known, recent studies have
suggested that certain peptidases, which normally hydrolyze
peptide bonds, may also act in “reverse” and catalyze the forma-
tion of peptide bonds to form the cyclic peptide backbone.83�86

In particular, the ubiquitous presence of an Asn (or Asp) residue
at the C-terminal processing point of cyclotide precursor proteins

has implicated asparaginyl endoproteinase (AEP) in the cycliza-
tion of cyclotides.83,84

AEP is a cysteine protease that is very common in plants and is
involved in a range of proteolytic processing reactions important
in plant physiology. It has been proposed that it has fortuitously
evolved to also be utilized for cyclotide processing and that
cyclization occurs at the same time as cleavage of the C-terminal
propeptide from the cyclotide precursor protein.84,85 Such a
transpeptidation would occur by an acyl-transfer mechanism
in which the carboxyl group from the cleaved peptide bond is
attached to the enzyme to form an acyl-enzyme intermediate
as illustrated in Figure 11. Nucleophilic attack of the free
amine at the N-terminus of the cyclotide domain on this

Figure 10. Deamidation of Asn in an Asn-Gly sequence. Peptides, such as kalata B1, containing Asn-Gly sequences are sensitive to deamidation by
formation of a succinimide followed by ring-opening to form either Asp or iso-Asp. This reaction occurs spontaneously in solution at neutral pH.

Figure 11. Overview of the common features of enzymatic, intein, and chemical approaches to cyclization. Panel (a) shows the proposed mechanism of
cyclotide cyclization.84 In the first step, an AEP enzyme recognizes the cyclotide precursor substrate, which includes the cyclotide domain (flanked by the
N-terminal and C-terminal residues Xn-Xc), and a C-terminal propeptide. Xn is typically Gly, and Xc is universally Asn (or Asp). The latter is important
for recognition by AEP. Additional recognition occurs through the first few residues of the C-terminal propeptide domain residues X10�X30 . In many
cyclotide sequences, this is the amino acid triplet Gly-Leu-Pro. The acyl-enzyme intermediate that is formed via attack of the active site thiol of the
cysteine protease is subsequently resolved by nucleophilic attack from the N-terminal residue of the cyclotide domain, leading to a cyclic peptide
containing a native amide bond. Panel (b) summarizes the use of engineered inteins to make cyclotides and other cyclic peptides.88�91 In this case, a
transthioesterification reaction leads to expulsion of the intein unit and cyclization. Panel (c) highlights the parallels of these biological approaches with
the NCL approach, which involves a C-terminal thioester.
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acyl-enzyme intermediate then forms a new (cyclizing) pep-
tide bond and releases the peptide from the enzyme. Sortase,
another cysteine protease, has a similar acyl-transfer mecha-
nism and has been adapted from its native role of attaching
proteins to peptidoglycans in bacteria to be utilized for pep-
tide cyclization.85,87

Although native chemical ligation does not involve transpep-
tidation or the formation of an acyl-enzyme intermediate, it has
been termed “biomimetic” on the basis of the acyl transfer from
the thioester to the cysteine side chain and finally to the
N-terminal amine.67 Figure 11 highlights some of the parallels
between natural enzyme-mediated cyclization and the SPPS
chemical ligation approach, as well as another recent approach
involving the use of engineered inteins for the production of
cyclic peptides in bacterial cells.88�91 The common theme of all
approaches is the attack by a nucleophile (SH orNH2) residing at
the N-terminus of the cyclotide domain on an activated thioester
at the C-terminus of the cyclotide domain.

A combination of chemical and native/biomimetic strategies
was achieved by a “chemo-enzymatic” synthesis ofMCoTI-I.55 In
this approach, the linear precursor was synthesized using Fmoc
SPPS and subsequently cyclized using a polymer-supported
trypsin.55 This method was reported to have a higher efficacy
than chemical cyclization by NCL, but the specificity of the
enzyme means that cyclization can occur only at the Lys recog-
nition site. In MCoTI-II this corresponds to a Lys-Ile bond, as
shown in Figure 6. This approach of enzyme-mediated in vitro
cyclization followed a previous study in which trypsin was
demonstrated to cyclize a linearized version of the cyclic peptide
sunflower trypsin inhibitor, SFTI-1.92 These two studies suggest
that protease-mediated cyclization can be a general and efficient
process for producing cyclic peptides. In contrast with the in vitro
trypsin-mediated reaction for SFTI-I, in the natural biosynthetic
mechanism, AEP is thought to be the enzyme involved in
cyclization,93,94 as is the case for cyclotides.

In another biological approach to cyclotide synthesis, Camarero
and co-workers achieved the biosynthesis of kalata B1 by
expressing linear kalata B1, linked to an “engineered intein” in
E. coli.88 Cleavage of the intein by an N,S-acyl transfer resulted in
the formation of a C-terminal thioester between the linear kalata
B1 precursor and a side-chain thiol on the intein.88 Cyclization
then took place by a native chemical ligation mechanism.88 It was
suggested that the in vivo cleavage of kalata B1 from the intein is
promoted by internal cysteine residues and could thus involve a
type of “thia-zip” mechanism.88 This type of approach has been
extended to produce libraries of several classes of cyclic peptides,
including MCoTI-II and SFTI-I, in cells.88�91

’APPLICATIONS OF CYCLOTIDES

The natural function of cyclotides is thought to be in plant
defense on the basis of their range of pesticidal activities.11,95,96

For example, kalata B1 causes severe disruption of the gut wall
cells of the plant pest Helicoverpa armigera, resulting in greatly
retarded growth of larvae.33,96 Other defense-related activities
include molluscicidal,97,98 nematocidal,99,100 and hemolytic
activities.101 In addition to these defense roles, screening studies
have revealed that cyclotides possess a wide range of pharma-
ceutically relevant biological activities, including uterotonic,3

anti-HIV,19 antitumor,102 and antimicrobial properties.103 So
far, no cyclotide has progressed to clinical development, probably
because their potencies in any of these activities are not sufficiently

high relative to their toxic activities, which include hemolytic101

and cardiotoxic4 effects.
An alternative to using native cyclotides directly as drugs

involves modification of an existing cyclotide sequence in order
to confer a new bioactivity on the framework. Several recent
chemical studies have underpinned such grafting applications.
One SPPS study in which all noncysteine residues of kalata B1
were synthetically replaced one at a time by Ala showed that the
cyclotide framework was robust to point mutations.104 The same
study found that a cluster of hydrophobic residues was respon-
sible for the insecticidal and hemolytic activity of kalata B1 and
that substitution of these residues could be used to remove these
toxic activities. In another study, several polar residues were
substituted in place of hydrophobic residues in exposed loops of
kalata B1 to study the effect of residue substitutions on the
folding and hemolytic activity of this cyclotide.105 This study
highlighted the tolerance of the cyclotide framework to substitu-
tion and confirmed it was possible to “engineer out” undesired
hemolytic activity.

A strategy for cyclotide engineering based on the above
findings involves the “grafting” of a bioactive peptide sequence
into an existing cyclotide scaffold, thus combining the stability of
the cyclotide framework with the bioactivity of the introduced
peptide epitope.11,106 The amenability of cyclotides to chemical
synthesis provides an efficient means of generating a library of
grafted cyclotides as synthesis can be continued to a common
branch point in the SPPS chain assembly, with the resin then
divided and the synthesis continued to produce different
analogues.105 The general approach is illustrated in Figure 12.

In a pharmaceutically directed example of this strategy, the
cyclotide framework of kalata B1 was shown to be amenable to
the grafting of an antiangiogenic peptide epitope.107 The aim was
to produce a molecule that might reduce blood vessel growth in
tumors and thus be a useful anticancer agent. When grafted into
loop 3, the bioactivity of the epitope was retained.107 The need
for a balance between flexibility and rigidity when selecting a
peptide epitope and a site for grafting was highlighted in this
study. Whereas rigidity of the grafted loop makes the protein less
susceptible to proteolytic cleavage, sufficient flexibility of the
epitope must be retained to allow for binding to the desired
target.107 The MCoTI-II framework has also proved attractive
for grafting studies, and in a recent example, loop 1 was
substituted to produce a micromolar lead with activity against a
protease from foot andmouth disease virus.55 Similar approaches
to an exciting range of therapeutic and diagnostic applications
have been applied for knottin peptides that are effectively linear
versions of cyclotides.108�110 Interestingly, most acyclic permu-
tants of cyclotides, i.e., linear analogues with the backbone
broken in one of the six loops, fold correctly; an early study to
explore the role of the cyclic backbone showed that cyclotide
backbone loops 2, 3, 5, and 6 were tolerant to chain breakage, and
only breaks in loops 1 and 4 resulted in a failure to fold into the
native conformation,111 consistent with their central role in the
cystine knot motif.

’PERSPECTIVES AND OUTLOOK

Cyclotides have been recognized as a distinct protein family
for a little over a decade now, and substantial progress has been
made in defining their distribution in the plant kingdom, their
biosynthesis, and their biophysical properties. Chemical methods
of making cyclotides have been pivotal in understanding their



4815 dx.doi.org/10.1021/jo200520v |J. Org. Chem. 2011, 76, 4805–4817

The Journal of Organic Chemistry PERSPECTIVE

structure�activity relationships and developing their applica-
tions as stable peptide templates.

The remarkable stability of cyclotides to chemical, thermal,
and enzymatic degradation, coupled with their synthetic acces-
sibility by SPPS, native chemical ligation, and oxidation make
them extremely promising potential scaffolds for drug design.
More broadly, the lessons learned from cyclotides can be
extended to conventional peptides. Many linear peptides have
great potential as drug leads, but their susceptibility to proteolysis
and poor bioavailability have hindered their application as
pharmaceuticals. One strategy for increasing the stability of such
peptides is to cyclize the peptide backbone, either directly, or
using a peptide linker. As many bioactive proteins have a cystine
knot structure, cyclization produces a “pseudo cyclotide”, which
can have greater stability than the native peptide bearing a cystine
knot alone. This strategy has also been used successfully in the
cyclization of other disulfide-rich peptides. For example, R-
conotoxins have promising efficacy in the treatment of pain,
and cyclization has been shown to remarkably improve their
biopharmaceutical properties.112,113

We believe that organic chemistry will continue to play a
significant role in developing new applications of cyclotides, in
particular by making use of the sequences and structures that
have been determined for natural cyclotides and modifying them
using chemical approaches. On the other hand, since cyclotides
are produced in high yields in plants, the possibility also exists to
use molecular biology approaches to reinsert modified cyclo-
tide genes into plants that can then act as “biofactories” for the
biological production of cyclotides for pharmaceutical applica-
tions. Similarly, the option to identify a natural cyclotide with

insecticidal properties and place the corresponding gene in a
plant that does not produce cyclotides opens up the possibility of
introducing in-built insecticidal protection into new host plants.
We expect that even in these biological applications, chemistry
will continue to play a central role by underpinning the explora-
tory studies that generate new bioactive sequences for pharma-
ceutical or agricultural applications. Finally, it is worth empha-
sizing that cyclotides are just one family of head-to-tail cyclic
peptides114 and that it seems likely that more examples of
these topologically intriguing molecules will be discovered in
coming years.
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