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Abstract
Cyclotides are a unique and growing family of backbone cyclized peptides that also contain a
cystine knot motif built from six conserved cysteine residues. This unique circular backbone
topology and knotted arrangement of three disulfide bonds makes them exceptionally stable to
thermal, chemical, and enzymatic degradation compared to other peptides of similar size. Aside
from the conserved residues forming the cystine knot, cyclotides have been shown to have high
variability in their sequence. Consisting of over 160 known members, cyclotides have many
biological activities, ranging from anti-HIV, antimicrobial, hemolytic, and uterotonic capabilities;
additionally, some cyclotides have been shown to have cell penetrating properties. Originally
discovered and isolated from plants, cyclotides can be also produced synthetically and
recombinantly. The high sequence variability, stability, and cell penetrating properties of
cyclotides make them potential scaffolds to be used to graft known active peptides or engineer
peptide-based drug design. The present review reports recent findings in the biological diversity
and therapeutic potential of natural and engineered cyclotides.
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Introduction
Cyclotides are fascinating backbone-cyclized or circular proteins ranging from 28 to 37
amino acid residues that are naturally expressed in plants. They all share a unique head-to-
tail circular knotted topology of three disulfide bridges, with one disulfide bond penetrating
through a macrocycle formed by the other two disulfides bonds and interconnecting peptide
backbones, forming what is called a cystine knot topology (Fig. 1) [1]. This cyclic cystine
knot (CCK) framework gives cyclotides a compact, highly rigid structure [2], which confers
exceptional resistance to thermal/chemical denaturation, and enzymatic degradation [3, 4].
In fact, the use of cyclotide-containing plants in indigenous medicine first highlighted the
fact that these peptides are resistant to boiling and are apparently orally bioavailable [5].

More than 160 cyclotides have been isolated from plants in the Violacea (violet), Rubiaceae
(coffee) and Cucurbitaceae (squash) families [6, 7]; and more recently in the Fabaceae
(legume) family [8–10]. It has been estimated, however, that around 50,000 cyclotides might
exist [6]. The discovery of cyclotides in the plant Clitoria ternatea from the Fabaceae family
represents an important discovery [9, 10]. The Fabaceae family is one the largest families of

*Address all correspondence to: Julio A. Camarero, Ph.D., Associate Professor, Department of Pharmacology and Pharmaceutical
Sciences, University of Southern California, 1985 Zonal Avenue, PSC 616, Los Angeles, CA 90033, Tel: 323-442-1417, Fax:
323-224-7473, jcamarer@usc.edu.

NIH Public Access
Author Manuscript
Curr Pharm Des. Author manuscript; available in PMC 2012 April 20.

Published in final edited form as:
Curr Pharm Des. 2011 December ; 17(38): 4294–4307.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



plants on Earth, representing ≈18,000 species, some of which are widely used as crops in
human nutrition and food supply [11]. Due to the high diversity of is also expected that more
cyclotides will be discovered in the near future.

Most of the cyclotides reported so far have been found in the Violaceae and Rubiaceae
families. All the plants studied so far from the Violaceae family have shown to contain
cyclotides. In contrast, only 5% of the Rubiaceae plants analyzed thus far have been shown
to have cyclotides [6]. The only two cyclotides found to date from the Cucurbitaceae plant
family are Momordica cochinchinensis trypsin inhibitor I and II (MCoTI-I/II; Fig. 1). These
cyclotides are found in the seeds of M. cochinchinensis (a tropical squash plant) and are
potent trypsin inhibitors. MCoTI cyclotides, however, do not share significant sequence
homology with the other cyclotides beyond the presence of the three-cystine bridges that
adopt a similar backbone-cyclic cystine-knot topology (Figs. 1 and 2). They are more related
to linear cystine-knot squash trypsin inhibitors and sometimes are considered as circular
knottins [7].

Despite the sequence diversity, all cyclotides share the same CCK motif (Figs.1 and 2).
Hence, these micro-proteins can be considered natural combinatorial peptide libraries
structurally constrained by the cystine-knot scaffold [12] and head-to-tail cyclization but in
which hypermutation of most of the residues may be tolerated with the exception of the
strictly conserved cysteines that comprise the knot.

All of the cyclotides reported so far from the Violaceae and Rubiaceae families are
biosynthesized via processing from dedicated genes that in some cases encode multiple
copies of the same cyclotide, and in others, mixtures of different cyclotide sequences [13].
Cyclotides from the Fabaceae family, however, are biosynthesized from evolved albumin-1
genes [9, 10].

Cyclotides can also be produced chemically using solid-phase peptide synthesis in
combination with native chemical ligation [14–17] or recombinantly in bacteria by using
modified protein splicing units or inteins [18–20]. The latter method can generate folded
cyclotides either in vivo or in vitro using standard bacterial expression systems [18–20] and
opens the possibility of producing large libraries of genetically encoded cyclotides which
can be analyzed by high throughput cell-based screening for selection of specific sequences
able to bind particular biomolecular targets [19, 20].

Naturally occurring cyclotides show various biological activities including insecticidal [15,
21, 22], uterotonic [23, 24], anti-viral [25, 26], antimicrobial [15, 24], antitumor [27],
antihelminthic [28, 29] and protease inhibitory activity [30]. Their insecticidal and
antihelminthic properties suggest that they may function as defense molecules in plants.

All these features make cyclotides ideal drug development tools [17, 31–33]. They are
remarkably stable due to the cyclic cystine knot [2]. They are relatively small, making them
readily accessible to chemical synthesis [14], and they can be encoded within standard
cloning vectors and expressed in cells [18–20]. They are amenable to substantial sequence
variation [34], which make them ideal substrates for molecular grafting of peptide epitopes
[4] or for molecular evolution strategies to enable generation and selection of compounds
with optimal binding and inhibitory characteristics [20, 34]. Even more importantly, some
cyclotides have been shown recently to be able to cross cell membranes [35, 36].

In the present review, we discuss the structural and more pharmacologically-relevant
biological properties of cyclotides as well as the latest developments in the use of the
cyclotide scaffold to design novel peptide-based therapeutics.
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The discovery
The discovery of the first cyclotide occurred indirectly when Norwegian researchers isolated
and partially characterized a peptide, kalata B1, from the African plant Oldenlandia affinis
[23, 37]. This plant was used by the natives to make a tea extract that was used to accelerate
childbirth during labor, and thereafter kalata B1 was identified as the main uterotonic
component of the plant [23, 37, 38]. Kalata B1 was initially characterized as a likely cyclic
peptide of ≈30 amino acids in size.

It was not until 1995, however, that the structure of kalata B1 was confirmed to be a 29-
amino acid head-to-tail macrocyclic peptide containing a cystine knot motif by using a
combination of mass spectrometry and NMR techniques [5]. The structural determination of
kalata B1 coincided in time with the discovery of several other macrocyclic peptides of
similar size and sequence from other Rubiaceae [39, 40] and Violaceae [41] plants. By 1999,
another 20 different macrocyclic peptides featuring similar characteristics were described at
the National Cancer Institute at USA [42] and by a Swedish group that was looking for
novel cyclic peptides from plant biomass [43, 44]. In order to group this growing family of
peptides, Craik and co-workers coined the term “cyclotides” (cyclo peptides) to refer to this
interesting family of cyclic peptides. Since then, around 160 different cyclotides have been
discovered in plants of the Rubiaceae, Violaceae, Cucurbitaceae and Fabaceae families and
it has been estimated that the cyclotide family might contain over 50,000 different members
[6, 45].

Cyclotides can be also classified in the larger family of knottins, a group of microproteins
that are characterized for containing a cystine knot [46]. Several web-based databases have
been created to curate the sequences of knottins (knottin.cbs.cnrs.fr) [47, 48] and cyclotides
as well as other circular proteins (www.cybase.org.au) [49], both at the amino acid and
nucleic acid levels.

Three-dimensional structure
Nearly all three dimensional structures of cyclotides elucidated to date have been performed
by solution NMR spectroscopy [50]. The only exception is the cyclotide varv F, for which
both an NMR and an X-ray crystal structure exists [51]. There are also several reports where
the structures of cyclotides have been modeled [52, 53].

All of the natural cyclotides isolated thus far contain between 28 and 37 amino acids,
including six cysteine residues (labeled CysI through CysVI), and are backbone cyclized
(Figs. 1 and 2). The Cys residues are oxidized to form a cystine knot core in which the
embedded ring formed by two disulfide bonds (CysI-CysIV and CysII-CysV) is penetrated by
a third disulfide bond (CysIII-CysVI). This unique topology of circular backbone and
interlocked cystine core is usually referred to as a cyclic cystine knot (CCK) motif (Fig. 2)
[54, 55]. The CCK motif is decorated by six interconnecting segments, or loops, which are
successively numbered loop 1 through 6, starting at CysI (see Fig. 2). In most of the
cyclotides, loops 1 and 4 are highly conserved in length and composition. In contrast, the
other loops show more variation in size and sequence.

The first CCK structure was reported for the prototypic Möbius cyclotide kalata B1 in 1995
[5]. Since then NMR and X-ray studies have confirmed that all cyclotides retain a similar
CCK scaffold but with high sequence variability in the six loops. The validity of the
embedded knotted cystine core of cyclotides has been further confirmed by chemical means
[56]. The CCK framework gives cyclotides a compact, highly rigid structure [2], which
confers exceptional resistance to thermal/chemical denaturation and enzymatic degradation
[3] thereby making cyclotides a promising molecular scaffold for drug discovery [1, 4, 57].
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For example, cyclotides are more resistant to high temperatures approaching boiling when
compared to their linear counterparts [3]. The stabilizing abilities of the CCK motif do not
end there; the cystine knot also confers chemical stability to the protein allowing it to retain
its native structure under typical denaturing conditions involving 8 M urea or 6 M guanidine
hydrochloride [3]. Furthermore, the CCK motif also aids in protecting the proteins from
enzymatic degradation by trypsin, pepsin, and thermolysin [3].

Cyclotides have been classified into three main subfamilies. The Möbius and bracelet
cyclotide subfamilies differ in the presence or absence of a cis-Pro residue in loop 5, which
introduces a twist in the circular backbone topology (Fig. 2B) [58]. Möbius and bracelet
subfamilies of cyclotides may also be distinguished by the amount of hydrophobic residues
and their location on the surface. For example, around 60% of the surface residues in the
bracelet cyclotide cycloviolacin O2 are hydrophobic and are located primarily in loops 2 and
3. In contrast, only 40% of the surface residues in the Möbius cyclotide kalata B1 are
hydrophobic and mainly localized in loops 2, 5 and 6 [59]. Nevertheless both major
subfamilies of cyclotides contain some highly conserved residues such as Glu3 in loop 1 and
the natural site of cyclization, Asn/Asp in loop 6. It is also interesting to remark that
cyclotides that share properties of both Möbius and bracelet such as kalata B8 and psyle C
are also starting to emerge [60, 61]. These cyclotides are usually referred to as hybrid
cyclotides.

A third subfamily of cyclotides comprises the cyclic trypsin inhibitors MCoTI-I/II (Fig. 1),
which have been isolated from the dormant seeds of Momordica cochinchinensis, a plant
member of the Cucurbitaceae family, and are powerful trypsin inhibitors (Ki ≈ 20 –30 pM)
[62]. These cyclotides do not share significant sequence homology with other cyclotides
beyond the presence of the three-cystine bridges, but structural analysis by NMR has shown
that they adopt a similar backbone-cyclic cystine-knot topology [63, 64].

Cyclotide plant biosynthesis
All the cyclotides reported so far from the Violaceae and Rubiaceae families are
biosynthesized via processing from dedicated genes that, in some cases, encode multiple
copies of the same cyclotide, and in others, mixtures of different cyclotide sequences [13,
21]. The first genes encoding cyclotides were discovered in the plant Oldenlandia affinis
(Rubiaceae family) for the kalata cyclotides (Fig. 3A) [21]. For example, the gene encoding
the precursor protein of kalata B1 (Oak 1) consists of an endoplasmic reticulum (ER)-
targeting sequence, a pro-region, a highly conserved N-terminal repeat (NTR) region, a
mature cyclotide domain, and a hydrophobic C-terminal tail (Fig. 3A). In contrast, the gene
precursor of kalata B2 encodes up to three copies of the NTR-cyclotide region, which allows
the formation of up to three mature kalata B2 cyclotides per molecule of precursor. Similar
genes have been also found in plants from the Violaceae family [13, 45].

More recently, Craik and co-workers have revealed that the gene encoding the protein
precursor of a novel cyclotide (Cter M) isolated from the leaf of butterfly pea (Clitoria
ternatea), a representative member of the Fabaceae plant family, is embedded within the
albumin-1 gene (Fig. 3A) [9, 10]. Similar findings have been also recently reported by Tam
and co-workers [10]. Generic albumin-1 genes are comprised of an ER signal sequence
followed by an albumin chain-b, a linker, and an albumin chain-a. In the precursor of
cyclotide Cter M, the cyclotide domain replaces the albumin chain-b domain. The discovery
that albumin genes can evolve into protein precursors that can be subsequently processed to
become cyclic has also been described in a recent report on the biosynthesis of the peptide
sunflower trypsin inhibitor 1 (SFTI-1) [65]. In this case the SFTI-1 precursor gene was
identified as seed napin-like albumin [65]. SFTI-1 is a 14-residue peptide isolated from
sunflower seeds with a head-to-tail cyclic backbone structure having only a single disulfide
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bond. In this context, it is worth noting that the protein precursors of the only two cyclotides
isolated so far from the Cucurbitaceae plant family (MCoTI-I/II) have not been identified
yet.

The complete mechanism of how cyclotide precursors are processed and cyclized has not
been completely elucidated yet. However, recent studies suggest that an asparaginyl
endopeptidase (AEP) is a key element in the cyclization of cyclotides [66, 67]. It has been
proposed that the cyclization step mediated by AEP takes place at the same time as the
cleavage of the C-terminal pro-peptide from the cyclotide precursor protein through a
transpeptidation reaction (Fig. 3B) [66]. The transpeptidation reaction involves an acyl-
transfer step from the acyl-AEP intermediate to the N-terminal residue of the cyclotide
domain [67]. AEPs are Cys proteases that are very common in plants and specifically cleave
the peptide bond at the C-terminus of Asn and, less efficiently, Asp residues. All of the
cyclotide precursors identified so far contain a well-conserved Asn/Asp residue at the C-
terminus of the cyclotide domain in loop 6, which is consistent with the idea that cyclotides
are cyclized by a transpeptidation reaction mediated by AEP (Fig. 3B) [66]. It is also worth
noting that the only naturally linear ‘cyclotide’ isolated to date is violacin A from Viola
odorata [68]. Interestingly, the gene encoding violacin A lacks the key Asn/Asp residue in
loop 6, which has been replaced by a stop codon, and is required for the backbone
cyclization reaction [68]. As a result, the peptide remains linear after translation and folding.
Studies using transgenic plants expressing cyclotide precursors also support the involvement
of AEP and requirement for a C-terminal Asn residue in the cyclotide sequence [66, 67]. For
example, it has been shown that the introduction of a mutation at the C-terminal Asn residue
of the cyclotide domain in transgenic plants resulted in no circular peptide production [67].
AEP has also been shown to be involved in the biosynthesis of the cyclic peptide SFTI-1
[65].

The expression of cyclotides in transgenic plants like Arabidopsis and tobacco is, however,
highly inefficient giving rise to mostly acyclic or truncated proteins [66, 67], thus indicating
that the processing and cyclization of cyclotides may involve other enzymes or may be
species dependent. Craik and co-workers have recently isolated a protein disulfide isomerase
(PDI) from the plant O. affinis showing that at least in vitro it is able to increase the folding
yield of cyclotide-related molecules, including linear and cyclic cyclotides [69]. The
relevance of this result in vivo still remains to be established.

Chemical Synthesis of cyclotides
Cyclotides are relatively small polypeptides, ≈30–40 amino acids long, and therefore the
linear precursors can be readily synthesized by chemical methods using solid-phase peptide
synthesis (SPPS) [70]. Backbone cyclization of the corresponding linear precursor can
readily be accomplished in aqueous buffers under physiological conditions by using an
intramolecular version of native chemical ligation [71, 72] (Fig. 4). This approach has been
successfully used to chemically generate native and engineered cyclotides [14, 16, 17, 73–
76]. The only requirements for NCL are an N-terminal cysteine and a α-thioester group at
the C-terminus of the linear precursor [77–80]. Both tert-butyloxyxarbonyl (Boc)- and 9-
fluorenyloxycarbonyl (Fmoc)-based chemistries have been used to incorporate C-terminal
thioesters during chain assembly (Boc) [81–83] or using safety-catch based linkers (Fmoc)
[80, 84–87]. Once the peptide is cleaved from the resin, both cyclization and folding can be
carried out sequentially [14, 15, 74] or in a single pot reaction [16–18, 36].

Typically Möbius cyclotides such as kalata B1 are able to readily fold into its native
structure quite efficiently [14] although during the oxidative folding a stable two-disulfide
native-like intermediate accumulates. This intermediate is not the immediate precursor of
the three-disulfide native peptide and is not observed during the reductive unfolding of
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kalata B1 [88, 89]. MCoTI-cyclotides also fold very efficiently under oxidative conditions
[16, 17, 36]. MCoTI-II also accumulates a native-like partially folded intermediate during its
oxidative folding, but in contrast to kalata B1, this intermediate is a direct precursor to the
fully folded native form [90].

The oxidative folding of bracelet cyclotides, on the other hand, has proven to be more
challenging. For example, Tam and co-workers used orthogonal thiol protecting groups for
the Cys residues in the synthesis of the bracelet cyclotides circulins A/B and
cyclopsychotride [15, 74]. This approach allowed a more controlled step-wise folding
strategy thereby improving the yield for the natively folded products. More recently,
Göransson and co-workers have also shown that the bracelet cyclotide cycloviolacin O2 can
be folded with yields over 50% using the mildly oxidizing agent dimethyl sulfoxide as co-
solvent and a non-ionic detergent (Brij35) as a hydrophobic surface stabilizing agent [76].

Craik and co-workers have also recently reported that several analogs of the bracelet
cyclotide cycloviolacin O1 resulting by the introduction of mutations on loops 2 and 6 can
be efficiently folded [75]. The best analog in folding terms was accomplished by
replacement of Ile in loop 2 with Gly together with the insertion of a Thr residue preceding
Tyr in loop 6 [75]. These studies have allowed a better understanding of the structural
elements influencing the efficiency of oxidative folding in Möbius and bracelet cyclotides
thereby demonstrating that they are mostly localized within loops 2 and 6.

The oxidative folding of cyclotides is greatly influenced by the reaction conditions including
the redox buffer used and the concentration of organic co-solvents. The Cys-containing
tripeptide glutathione (GSH) is by far the most commonly employed reagent to accomplish
the oxidative folding of cyclotides although other oxidizing reagents have also been used.
Redox buffers containing GSH make possible the formation of disulfide bonds under
thermodynamic control allowing disulfide reshuffling to recycle non-productive or
misfolded intermediates [18, 76, 88, 89, 91]. GSH has been also used as a thiol additive as
well as redox buffer for the cyclization and concomitant folding of cyclotides in a single pot
reaction [18]. This has been successfully accomplished for Möbius [18, 20] and MCoTI [16,
17, 36] cyclotides (Fig. 3).

Leatherbarrow and coworkers have also reported the chemoenzymatic synthesis of several
MCoTI cyclotides by using a protease-mediated ligation [17]. In this approach, the linear
precursor was synthesized using Fmoc-SPPS, folded in oxidative conditions and cyclized
using polymer-supported trypsin. This approach of enzyme-mediated in vitro cyclization has
been also used for the cyclization of 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.

Recombinant expression of cyclotides
Our group has pioneered the recombinant production of cyclotides in bacteria through
intramolecular NCL (see above) by using a modified protein-splicing unit or intein (Fig. 5)
(see reference [34] for a recent review). Inteins are self-processing domains that undergo
post-translational processing to splice together flanking external polypeptide domains
(exteins) [93]. This approach uses a modified intein fused to the C-terminus of the cyclotide
sequence to facilitate the formation of the required α-thioester at the C-terminus of the
recombinant linear precursor (Fig. 5) [34]. The introduction of the required N-terminal Cys
for cyclization can be easily accomplished by expressing the precursor protein with an N-
terminal leading peptide, which can be cleaved by proteolysis or autoproteolysis (Fig. 5).
The simplest way to achieve this is to introduce a Cys residue downstream to the initiating
Met residue. Once the translation step is completed, the endogeneous methionyl
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aminopeptidases (MAP) removes the Met residue, thereby generating in vivo an N-terminal
Cys residue [94–98]. The N-terminal Cys can then capture the reactive thioester in an
intramolecular fashion to form a backbone cyclized polypeptide (Fig. 5).

Additional methods to generate N-terminal Cys proteases involve the use of exogeneous
proteases to cleave the leading signal after purification or in vivo by co-expressing the
protease. Proteases that have been used so far include Factor Xa [79, 99], ubiquitin C-
terminal hydrolase [100, 101], tobacco etch virus (TEV) protease [102], and thrombin [103].
The N-terminal pelB leader sequence has been also used recently to direct newly
synthesized fusion proteins to the E. coli periplasmic space where the corresponding
endogenous leader peptidases [104, 105] can generate the desired N-terminal cysteine-
containing protein fragment [106]. Protein splicing can be also used to generate recombinant
N-terminal Cys-containing polypeptides. For example, some inteins have been modified to
allow cleavage at the C-terminal splice junction in a pH- and temperature-dependent fashion
[107–109].

Intein-mediated backbone cyclization of polypeptides has also been recently used for the
biosynthesis of the trypsin inhibitor SFTI-1 [110]. This method can also be applied to other
Cys-rich peptides. The biosynthesis of backbone-cyclized α-defensins and naturally
occurring cyclic θ-defensins is currently underway in our laboratory. It is worth noting that
the recombinant expression of cyclotides facilitates the incorporation of NMR active
isotopes such as 15N and 13C in a very inexpensive fashion, thus facilitating the use of the
SAR by NMR (structure–activity relationship by nuclear magnetic resonance) [111]
technique to characterize interactions between cyclotides and their biomolecular targets [19,
20] as well as carry out studies on the dynamics of the cyclotide scaffold [2]. The
incorporation of 15N into the cyclotide kalata B1 has been also recently reported by Craik
and co-workers by whole plant labeling, i.e. by extracting the cyclotide from plants grown in
the laboratory in media enriched in 15N [112].

Biological activities of cyclotides
The natural function of cyclotides in plants seems to be as host-defense agents as deduced
from their activity against insects [21, 22], nematodes [28, 29, 113, 114], and mollusks [60].
For example, it has been shown that cyclotides can efficiently inhibit the growth and
development of insect and nematode larvae [115]. Although their mechanism of action is not
totally well understood much of these activities seem to involve interaction of the cyclotide
with membranes [9, 115]. Aside from their insecticidal and nematocidal activities,
cyclotides have also been shown to have potential pharmacologically relevant activities,
which include antimicrobial, anti-HIV, anti-tumor and neurotensin activities.

Antimicrobial activity—Most cyclotides have hydrophobic and hydrophilic patches
located in different regions of their surface resembling to some extent the amphipathic
character of classical antimicrobial peptides. The antimicrobial activities of cyclotides have
been reported by two groups with conflicting results on the potency of kalata B1 against
Escherichia coli and Staphylococcus aureus. In one study performed by Tam and co-
workers, kalata B1 was active against S. aureus, but not E. coli [15], and in the second
study, led by Gran and co-workers the peptide had the reverse effect [24]. This controversy
has not been fully resolved yet, but it is most likely that different techniques were employed
by both research teams. More recently, Tam and co-workers have also isolated several
cyclotides from the plant Clitoria ternatea of the Fabaceae family with antimicrobial
properties. In this work cyclotides CT1 and CT4 showed antimicrobial activity against
strains of E. coli, Klebsiella pneumonia and Pseudomonas aeruginosa with minimal
inhibitory concentrations ranging from 1 to 4 μM [10]. Craik and co-workers have also
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identified similar cyclotides in the same plant [8, 9]. In this work, cyclotides CT1 and CT4
are referred as Cter P and Cter O, respectively. These bracelet cyclotides have high sequence
homology with the cyclotide cycloviolacin O2, which has been shown to have antimicrobial
activity against P. aeruginosa and a multiple drug resistant strain of K. pneumonia [116].

Antimicrobial peptides that target bacterial membranes typically have an amphipathic
structure with a large number of positively charged residues, which explains their affinities
for negatively charged membranes over more neutral mammalian cell membranes. Most
cyclotides, however, have an overall charge close to zero at physiological pH, thereby
making it unlikely that they interact with bacterial membranes through electrostatic
interactions like classical cationic antimicrobial peptides [117]. Hence, further studies are
required to investigate the antimicrobial properties and mechanism of action of cyclotides as
well as its clinical relevance. This is particular important given the growing occurrence of
antibiotic resistance by microorganisms to current antibiotics.

Anti-HIV activity—The anti-HIV activity of cyclotides has been one of the most
extensively studied so far due to its potential pharmacological applications [25, 39, 58, 118,
119]. The first account of a cyclotide with anti-HIV activity was reported by Gustafson and
co-workers as part of a screening program at the U.S. National Cancer Center to search for
novel natural products with anti-viral activity [39, 42]. In this work, several cyclotides
isolated from the bark of the African tree Chassalia parvifolia, called circulins A-F, were
shown to inhibit HIV infection in different host cell lines. Since then, several other
cyclotides from the bracelet and Möbius subfamilies were also shown to have anti-HIV
activity [25, 58, 118, 119].

The exact mode of action of these compounds remains still unclear although the inability of
cyclotides to affect HIV reverse transcriptase activity combined with their cytoprotective
effect suggests that the antiviral activity occurs before the entry of the virus into the host cell
[39]. Recent studies have also suggested a strong correlation between the hydrophobic
character of cyclotides and their anti-HIV activities [119, 120]. Moreover, surface plasma
resonance and NMR studies have also shown that cyclotides can bind to model lipid
membranes and that this interaction occurs primarily through their surface-exposed
hydrophobic patches [121–123]. All these data suggest that the probable mode of anti-HIV
action of cyclotides occurs through a mechanism that affects the binding and/or fusion of the
virus to the target membrane. It is still premature, however, to conclude if cyclotide anti-
HIV activity is the result of binding to the viral envelope, host cell membrane or both.

None of the cyclotides with anti-HIV activity, however, is being considered as candidates
for anti-HIV therapy so far. This is due to their low therapeutic index (i.e. the ratio between
the dose required for therapeutic effects versus toxic effects), which is typically too small (≤
10) to be clinically useful. For example the therapeutic index of cyclotides kalata B1 and
Varv E is 9 and 11, respectively. On the other hand, recent studies carried out on the
cyclotides isolated from the plant Viola yedoensis (cycloviolacins Y4 and Y5) have shown
therapeutic indexes of 45 and 14, respectively, which show some promise on the potential
clinical use of these peptides to treat HIV infection [119].

Neurotensin antagonism—Cyclopsychotride (Cpt) A is a natural cyclotide isolated in
1994 from the South American tree Psychotropia longipes that has been reported to have
neurotensin inhibition properties [40]. Neurotensin is a 13 amino acid neuropeptide that
exerts its function by interacting with specific extracellular receptors increasing inositol
triphosphate (IP3) production and inducing Ca2+ mobilization from intracellular stores.
Witherup and co-workers reported that Cpt A was able to inhibit neurotensin binding to its
receptor in HT-29 cell membranes with an IC50 ≈ 3 μM [40]. The direct neurotensin
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antagonism of Cpt A, however, was contradicted by the facts that it also increased
intracellular Ca2+ levels, which could not be blocked by neurotensin antagonists [40].
Furthermore, Cpt A showed similar activity in two unrelated cell lines that did not express
neurotensin receptors indicating that the mechanism of action is unlikely to be mediated
through an interaction with the neurotensin receptor [40]. Recent studies using the cyclotide
kalata B1 have shown that cyclotides are able to modulate membrane permeability by the
formation of membrane pores with channel-like activity and no or little selectivity for
specific cations [124]. The formation of similar channels by Cpt A could explain the
increase on intracellular Ca2+ levels, although this has not been yet tested. Unfortunately
there has been no follow-up on the neurotensin antagonism of Cpt A beyond the original
report.

Antitumor activity—Several studies have reported the selective cytotoxicity of some
cyclotides against cancer cells compared to normal cells [27, 125, 126]. In addition, the
cytotoxic activity has been demonstrated using primary cancer cell lines [27]. Although the
mechanism for cytotoxic activity of cyclotides is not totally well understood, it has been
suggested that disturbance of the membrane integrity may be the cause for the cytotoxic
activity. This is supported by the ability of cycloviolacin O2, one of the most active
anticancer cyclotides, to disrupt tumor cell membranes [127]. Cancer cells differ from
normal cells in the lipid and glycoprotein composition, which alters the overall net charge.
For example, it has been shown that cancer cells express larger amounts of anionic
phosphatidylserine phospholipids and O-glycosylated mucins, which typically confers a net
negative charge to their membranes [128]. These differences are believed to play a major
role in the cytotoxic selectivity of peptides with anticancer activity [128]. It is worth noting
that cyclotide cytotoxicity is not only related to the three-dimensional structure but also to
specific amino acid residues within the sequence [126, 129, 130]. For example, small
modifications in the sequence of the bracelet cyclotide cycloviolacin O2 have been shown to
have a great impact on cytotoxicity [129, 130]. Modification of the three positively charged
residues in loops 5 and 6 as well as the Glu residue in loop 1 decreased the cytotoxic activity
sevenfold and 48-fold, respectively [129]. More recent studies have also revealed that
modification of the Trp residue in loop 2 has a detrimental effect on the cytotoxic activity of
cycloviolacin O2 [130]. Similar results were also obtained for the cyclotide varv A, a
Möbius cyclotide with high anticancer activity isolated from the plant Viola arvensis [130].

All of these studies suggest that differences in membrane composition and cyclotide primary
sequence modulate membrane binding and the cytotoxic effects of cyclotides. A more
comprehensive structural study on the membrane-binding properties of cyclotides will be
required to have a better understanding on their antitumor mechanism of action.

Toxicity—Some cyclotides have been reported to have several toxic effects. For example,
some cyclotides have been found to cause extensive hemolysis of human and rat
erythrocytes, with HD50 (hemolytic dose) values ranging from 5 μM to 300 μM [15, 119,
131]. The large variation in HD50 value reflects different experimental conditions such as
temperature and incubation time. The cyclotide kalata B1 has strong hemolytic activity and
its lethal dose (LD50) in rats and rabbits has been reported to be 1.0 mg/kg and 1.2 mg/kg,
respectively, when it was injected intravenously. This cyclotide has been also reported to
produce cardiotoxic effects associated with increased arterial blood pressure and tachycardia
[38]. Interestingly, the strong hemolytic activity of kalata B1 can be eliminated by mutation
to Ala of any one of eight residues located in the bioactive face of the molecule [132]. This
suggests that it may be possible to eliminate other toxic effects by single mutation although
this has yet to be tested.
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It is worth noting that some other naturally occurring cyclotides have markedly reduced or
no toxic effects at all. For example, the trypsin inhibitor cyclotides MCoTI-I and -II are non-
hemolytic and non-toxic to human cells up to a concentration of 100 μM [35], and therefore
provide an excellent scaffold for the design of novel cyclotides with new biological
activities. MCoTI-cyclotides are also particularly interesting from a pharmaceutical
perspective because of their ability to penetrate cells, and therefore interact with intracellular
targets [35, 36, 133].

Engineering cyclotides with novel activities
The unique properties associated with the cyclotide scaffold make them extremely valuable
tools in drug discovery [1, 4, 117]. For example, the cyclic cystine knot (CCK) framework
gives cyclotides a compact, highly rigid structure [2], which confers exceptional resistance
to thermal/chemical denaturation, and enzymatic degradation [3]. Cyclotide can be also
readly produced by chemical synthesis [14] and expressed in cells using standard cloning
vectors [18–20]. Moreover, their high tolerance to mutations makes them ideal scaffolds for
molecular grafting and evolution in order to generate novel cyclotides with new biological
activities [20, 34]. Even more importantly, MCoTI-cyclotides have been shown recently to
be able to enter human macrophages, breast and ovarian cancer cell lines [35, 36].

The high plasticity and tolerance to substitution of the cyclotide scaffold was first
demonstrated by replacing some of the hydrophobic residues in loop 5 of cyclotide kalata
B1 with polar and charged residues [31]. The mutated cyclotides retained the native fold of
kalata B1, but were no longer hemolytic [31]. More recently our group has also preformed a
similar study on the cyclotide MCoTI-I, where all residues located in loops 1 through 5 were
replaced by different amino acids. In this study only 2 from a total of 26 mutants were not
able to fold efficiently [20]. These studies demonstrate the high plasticity of the cyclotide
scaffold to mutations thus opening the possibility to introduce or graft foreign sequences
onto them without affecting the native fold. Figure 6 highlights several studies that have
used the cyclotide molecular scaffold to graft peptide sequences and to generate libraries for
the purpose of engineering cyclotides with novel biological functions. It should be noted
however, that the great stability and robustness of cyclotide framework makes necessary to
be careful when grafting a peptide sequence into the peptide scaffold. It is important to be
sure that the structure of the peptide displayed on the cyclotide will not be distorted by the
conformation requirements of the cyclotide leading to a non-biologically active
conformation of the grafted sequence.

The potential pharmaceutical applications of grafted cyclotides was first demonstrated in
two recent studies aimed to develop novel anti-cancer [75] and anti-viral peptide-based
therapeutics [17] (Fig. 6). The development of anti-cancer cyclotides involved grafting a
peptide antagonist of angiogenesis onto the kalata B1 scaffold [75]. Tumor growth is usually
associated with unregulated angiogenesis and therefore molecules with anti-angiogenic
activity have potential applications in cancer treatment. In this study an Arg-rich peptide
antagonist for the interaction of vascular endothelial growth factor A (VEGF-A) and its
receptor was individually grafted into loops 2, 3 and 5 of kalata B1 [75]. The cyclotide
grafted into loop 3 showed the highest activity in blocking VEGF-A receptor binding (IC50
≈ 12 μM) when compared with that of the isolated grafted peptide epitope as well as the
other grafted cyclotides. Although this is the first example of a successful functional
redesign of a cyclotide, it should be noted that the biological activity would still need to be
improved by several orders of magnitude for a potential application in vivo.

Additionally, the hemolytic activity of the grafted katala B1 was completely removed and
the proteolytic susceptibility of the Arg-rich grafted peptide was greatly diminished when
compared to that of the isolated peptide sequence. This study clearly demonstrates that
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cyclotides can be used as molecular scaffolds for displaying and stabilizing
pharmacologically relevant active peptide sequences.

The utility of the cyclotide scaffold in drug design has also been recently shown by
engineering non-native activities into the cyclotide MCoTI-II [17]. MCoTI-II is a member of
the trypsin inhibitor subfamily. Trypsin inhibitor cyclotides are strong inhibitors of trypsin
(Ki ≈ 20 pM) and other trypsin-like proteases. In these cyclotides loop 1 is responsible for
binding to the selectivity pocket of trypsin [62]. In this work, the loop 1 of MCoTI-II was
engineered to be able to inhibit other proteases [17]. Interestingly, several analogs showed
activity against the foot-and-mouth-disease virus (FMDV) 3C protease in the low μM range
[17]. The FMDV 3C protease is a Cys protease key for viral replication and therefore a
potential target for the development of novel anti-viral therapeutics. This is the first reported
peptide-based inhibitor for this protease. Although the potency was relatively low, this study
demonstrates the potential of using MCoTI-based cyclotides for designing novel protease
inhibitors [17].

In a more recent study, the same authors were also able to generate inhibitors of the serine
proteases β-tryptase and human leukocyte elastase (HLE) using the cyclotide MCoTI-II as a
molecular scaffold [134]. These two proteases are pharmacologically relevant drug targets
that have been associated with respiratory and pulmonary disorders (HLE) and implicated in
allergic and inflammatory disorders (β-tryptase). In this work Leatherbarrow and co-workers
replaced the P1 residue in loop 1 to produce several MCoTI-II mutants (K6A and K6V) that
showed activity against HLE in the low nM range (Ki ≈ 25 nM) and relatively low activity
against trypsin (Ki ≥ 1 μM) [134]. Interestingly, the same authors also showed that removal
of the SDGG peptide segment in loop 6 yielded a relative potent β-tryptase inhibitor (Ki ≈
10 nM) without significantly altering the three-dimensional structure of the resulting
cyclotide as determined by NMR [134]. The authors hypothesized that the removal of the
Asp residue from loop 6 removes repulsive electrostatic and steric interactions with β-
tryptase thus improving the inhibitory constant 160-fold when compared to the wild-type
MCoTI-II.

Kolmar and co-workers have also recently reported the design of a series of inhibitors of
human mast cell tryptase beta using the cyclotide MCoTI-II as scaffold [135]. In this
interesting work, the authors introduced additional positive charge in the loop 6 of MCoTI-
II. The resulting engineered cyclotides were able to inhibit all the monomers of the tryptase
beta tetramer with Ki values around 1 nM.

Proteases are well-recognized drug targets and many diseases including inflammatory and
pulmonary diseases, cancer, cardiovascular and neurodegenerative conditions have been
associated with abnormal expression levels of proteases [136]. These two examples
demonstrate that trypsin inhibitor cyclotides can be re-engineered to tailor their specificity
for proteases other than trypsin, which has potential applications in drug development for
protease targeting. The availability

Screening of cyclotide-based libraries
The ability to produce natively folded cyclotides in vivo discussed earlier opens up the
intriguing possibility of generating large libraries of genetically-encoded cyclotides
potentially containing billions of members. This tremendous molecular diversity should
allow the selection strategies mimicking the evolutionary processes found in nature to select
novel cyclotide sequences able to target specific molecular targets.

The potential for generating cyclotide libraries was first explored by our group using the
kalata B1 scaffold [18]. In this work wild-type and several mutants of kalata B1 were
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biosynthesized using an intramolecular native chemical ligation facilitated by a modified
protein splicing unit (Fig. 5). The study generated six different linear versions of kalata B1,
which were expressed in E. coli as fusions to a modified version of the yeast vacuolar
membrane ATPase (VMA) intein. The in vitro folding and cyclization of the different kalata
B1 linear precursors did not occur equally, suggesting the predisposition to adopt a native
fold of the corresponding linear precursor may determine the efficiency of the cleavage/
cyclization step [18]. This information was used to express a small library based on the
kalata B1 scaffold. Cyclization and concomitant folding of the library was successfully
performed in vitro using a redox buffer containing reduced GSH as a thiol co-factor
therefore mimicking the intracellular conditions [18].

We have also demonstrated that this approach can be used for the production of cyclotides
inside live E. coli cells [19]. In this study, the cyclotide MCoTI-II was efficiently produced
in living E. coli cells by in vivo processing of the corresponding intein fusion precursor. In
order to improve the expression yield of the precursor protein and boost the expression of
folded cyclotide the bacterial gyrase A intein from Mycobacterium xenopus was used in this
study instead [19]. This intein has been shown to express at higher yields than the yeast
VMA intein in E. coli expression systems [19]. Using this approach, folded MCoTI-I can be
expressed in E. coli cells to an intracellular concentration of low μM [19].

More recently, our group has extended this technology to the biosynthesis of a genetically
encoded library of MCoTI-I based cyclotides [20]. In this case, the cyclization/folding of the
library was performed either in vitro, by incubation with a redox buffer containing GSH, or
by in vivo self-processing of the corresponding cyclotide-intein precursors. The cyclotide
library was purified and screened for activity using trypsin-immobilized sepharose beads.
The library was designed to mutate every single amino acid in loops 1, 2, 3, 4 and 5 to
explore the effects on folding and trypsin binding activity of the resulting mutants.
Interestingly, only two mutations (G27P and I22G) out of the 26 substitutions studied were
able to negatively affect the folding of the resulting cyclotides. The I22G mutation affects
loop 4, which is only formed by one residue. This loop forms part of the cyclotide scaffold,
which may explain the deficient folding of this mutant. The G27P mutation is located at the
end of loop 5. Intriguingly, this position is occupied by a Pro residue in Möbius cyclotides
and is required for efficient folding. It is also interesting to remark that although these two
mutants were not able to fold efficiently, the natively folded form was still able to bind
trypsin [20]. The rest of the mutants were able to cyclize and fold with similar yields. As
expected, the mutant K6A-MCoTI-I was not able to bind trypsin under the conditions used
in the experiment although adopted a native cyclotide fold as determined by NMR [20]. As
mentioned before, this residue is key for binding to the specificity pocket of trypsin, ant it
can be modified to change the inhibitory specificity of the resulting MCoTI-cyclotide to
target other proteases [17, 134]. The affinity of each member of the MCoTI-library for
trypsin was assayed using a competitive trypsin-binding assay [20]. The mutant cyclotides
with less affinity were mostly found in loop 1 and the C-terminal region of loop 6, both well
conserved among other squash trypsin inhibitors. These results combined with similar
studies performed in kalata B1 [132] confirm the high plasticity and tolerance to mutations
of the cyclotide framework, thus providing an ideal scaffold for the biosynthesis of large
combinatorial libraries inside living bacterial cells. These genetically-encoded libraries can
be screened in-cell for biological activity using high-throughput flow cytometry techniques
for the rapid selection of novel biologically active cyclotides [18, 137, 138].

Concluding remarks
Cyclotides are a new emerging family of highly stable plant-derived backbone-cyclized
polypeptides that share a disulfide-stabilized core characterized by an unusual knotted
structure. Their unique circular backbone topology and knotted arrangement of three
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disulfide bonds provides a compact, highly rigid structure [2] which confers exceptional
resistance to thermal/chemical denaturation, and enzymatic degradation [3]. They can be
also chemically synthesized allowing the introduction of chemical modifications such as
non-natural amino acids and PEGylation to improve their pharmacological properties [14,
16, 17, 139]. Cyclotides can also be expressed in bacterial cells, and are amenable to
substantial sequence variation, thus making them ideal substrates for molecular evolution
strategies to enable generation and selection of compounds with optimal binding and
inhibitory characteristics [18–20]. Finally, cyclotides have been shown to be able to cross
human cell membranes [35, 36, 133]. Folded cyclotides are extremely resistant to chemical,
physical and proteolytic degradation [3, 4]. Cyclotides have been also shown to fold inside
bacterial cells [19, 20], which have a more reductive cytosolic environment than eukaryotic
cells and therefore is highly unlikely that they were reduced in the cytosol of mammalian
cells. Altogether, these characteristics make them promising leads or frameworks for peptide
drug design [4, 31, 32, 117].
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Figure 1.
Primary and tertiary structures of cyclotides from the Möbius (kalata B1, pdb code: 1NB1),
bracelet (cycloviolacin O1, pdb code: 1NBJ) and trypsin inhibitor (MCoTI-II, pdb code:
1IB9) subfamilies. The sequence of kalata B8, a novel hybrid cyclotide isolated from the
plant O. affinis is also shown. Conserved cysteine residues are marked in yellow and
disulfide connectivities in red. The circular backbone topology is shown with a blue line.
Figure adapted from Ref. [4].
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Figure 2.
General features of the cyclic cystine knot (CCK) topology found in cyclotides. A. Detailed
structure the cystine knot core and the connecting loops. The six Cys residues are labeled I
through VI whereas loops connecting the different Cys residues are designated as loop 1
through 6, in numerical order from the N- to the C-terminus. B. Möbius (right) and bracelet
(left) cyclotides are defined by the presence (Möbius) or absence (bracelet) of a Pro residue
in loop 5 that introduces a twist in the circular backbone topology.
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Figure 3.
Genetic origin and biosynthesis of cyclotides in plants. A. Rubiacea and Violaceae plants
have dedicated genes for the production of cyclotides [13]. These cyclotide precursors
comprise an ER signal peptide, an N-terminal Pro region, the N-terminal repeat (NTR), the
mature cyclotide domain and a C-terminal flanking region (CTR). Cyclotides from the
Fabaceae family of plants isolated recently from C. ternatea [9, 10], show an ER signal
peptide immediately followed by the cyclotide domain, which is flanked at the C-terminus
by a peptide linker and the albumin a-chain. In this case, the cyclotide domain replaces
albumin-1 b-chain. The genetic origin of the trypsin inhibitor cyclotides MCoTI-I/II (found
in the seeds of M. cochinchinensis) remains yet to be determined. B. Scheme representing
the proposed mechanism of protease-catalyzed cyclotide cyclization. It has been proposed
that the cyclization step is mediated by an asparaginyl endopeptidase (AEP), a common Cys
protease found in plants. The cyclization takes place at the same time as the cleavage of the
C-terminal pro-peptide from the cyclotide precursor protein through a transpeptidation
reaction [66]. The transpeptidation reaction involves an acyl-transfer step from the acyl-AEP
intermediate to the N-terminal residue of the cyclotide domain [67]. Figure adapted from
Refs. [4, 11].
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Figure 4.
Chemical synthesis of cyclotides by means of an intramolecular native chemical ligation
(NCL). This approach requires the chemical synthesis of a linear precursor bearing an N-
terminal Cys residue and an α-thioester moiety at the C-terminus. The linear precursor can
be cyclized first under reductive conditions and then folded using a redox buffer containing
reduced and oxidized gluthathione (GSH). Alternatively, the cyclization and folding can be
efficiently accomplished in a single pot reaction when the cyclization is carried out in the
presence of reduced GSH as the thiol cofactor [18, 20].

Gould et al. Page 24

Curr Pharm Des. Author manuscript; available in PMC 2012 April 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Biosynthetic approach for the recombinant expression of cyclotides using E. coli expression
systems. Cleavage of the leading signal either in vitro [18] or in vivo [19, 20] by appropriate
proteases provides the N-terminal Cys residue required for the cyclization. The backbone
cyclization of the linear precursor is then mediated by a modified protein splicing unit or
intein. Once the linear precursor is cyclized, folding is spontaneous for kalata B1 and
MCoTI-I/II cyclotides [18–20].
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Figure 6.
Summary of some of the modifications made to kalata B1 and MCoTI-II to elicit novel
biological activities. Modifications include the grafting of peptides onto various loops of
kalata B1 [75] and MCoTI-II [17, 134, 135]. Cyclotide based libraries have been also
generated using loops 1, 2, 3, 4 and 5 of MCoTI-I to study the effect of individual mutations
on the biological activity and folding ability of MCoTI-I mutants [20]. The locations of the
changes introduced into the cyclotide framework are illustrated using the MCoTI-II structure
(pdb ID: 1IB9).
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