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Abstract Cyclotides are disulfide-rich peptides from
plants that are exceptionally stable as a result of their
unique cyclic cystine knot structural motif. Their natural
role is thought to be as plant defence agents, most notably
against insect pests, but they also have potential applica-
tions in drug design and agriculture. This article identifies
gaps in current knowledge on cyclotides and suggests
future directions for research into this fascinating family of
ultra-stable mini-proteins.

Keywords Circular proteins - Cyclic cystine knot -
Cyclisation - Kalata B1

Introduction

In 1999 the term cyclotides (cyclo peptides) was intro-
duced to describe a newly discovered family of plant-based
mini-proteins, approximately 30 amino acids in size, that
are characterised by a topologically unusual structural
motif called the cyclic cystine knot (CCK) [1]. As its name
suggests, the CCK motif comprises a head-to-tail cyclised
peptide backbone that is cross-braced by a knotted
arrangement of disulfide bonds, formed from six absolutely
conserved cysteine residues (Fig. 1). Cyclotides occur in a
large number of plants from the Violaceae (violet) and
Rubiaceae (coffee) families and one member of the
Cucurbitaceae (squash) family, and recent studies suggest
that they might also occur in other plant families [2].
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Indeed, it seems probable that cyclotides will ultimately
turn out to be a particularly large class of proteins.
Cyclotides are found in a range of plant tissues, including
leaves, flowers, stems and roots, with individual plants
expressing a suite of many different cyclotides [3, 4].
Initial interest in macrocyclic peptides from plants arose
because of their bioactivities, which include uterotonic [5]
and anti-HIV activities [6], amongst others [7, 8], although in
the early studies the few peptides discovered had not yet been
recognised as a family. This article reflects on current cycl-
otide research and speculates about future directions for the
study of this structurally fascinating family of proteins. A
reflective review with some future visions is timely because
2009 represents the 10th anniversary of the naming of the
cyclotide family. Readers are also referred to other recent
reviews for more detailed information on cyclotides [9-15].
The first clue to the biosynthetic origin of cyclotides
came in 2001 when it was reported that they are gene-
encoded peptides [16]. This finding stood in contrast to
most previously known naturally occurring cyclic peptides,
which are typically smaller in size (<12 amino acids) and
biosynthesised via non-ribosomal peptide synthetases [17].
The genes for cyclotides encode precursor proteins of
11-14 kDa, which contain one, two or three mature cyclo-
tide domains, along with an endoplasmic reticulum (ER)
signal sequence, a pro-domain and a C-terminal region of
hydrophobic residues (Fig. 1). The ribosomal synthesis of
cyclotides via precursor proteins raises the question of how
the nascent cyclotide termini become joined after excision
of the mature sequences from the precursor proteins. Some
aspects of this process are now understood, as described
later in this article [18, 19], but fully understanding this
process remains an important topic for future research.
Cyclotides are plant-derived cyclic peptides, but other
examples of gene-encoded cyclic peptides have also been
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Fig. 1 Schematic overview of the prototypic cyclotide kalata B1 and
two precursor proteins, Oakl and Oak4. (Oak refers to Oldenlandia
affinis kalata). a Sequence of kalata B1 showing disulfide connectiv-
ities, loops between conserved Cys residues and the ligation point
(arrow) involved in peptide cyclisation. b A ribbon model of kalata
B1 highlighting the CCK motif of three disulfide bonds and cyclic
backbone. ¢ A surface-rendered model of kalata Bl showing the

discovered over the last decade in cyanobacteria, bacteria,
fungi, plants and animals [20-25], suggesting that post-
translational cyclisation is a strategy that has evolved in
multiple kingdoms of life. What are the advantages of these
cyclic proteins compared to conventional acyclic proteins?
Initially it might seem likely that cyclisation would involve
the need for extra biosynthetic infrastructure over that
required for conventional proteins and so it is reasonable to
suggest that there must be benefits to these organisms that
offset this extra metabolic burden. Indeed one advantage is
fairly clear as cyclic peptides, in general, are much more
stable than their linear counterparts, and cyclotides most
probably evolved because of this stability. Interestingly,
and in contrast to initial expectations, recent studies sug-
gest that such benefits may have come at little extra cost to
the organism, with cyclisation able to be done in planta by
enzymes that are present anyway for other purposes
[18, 19].

Circling the enemy: pesticidal activities of cyclotides

Cyclotides have a range of biological activities, and it is
these activities that were responsible for their discovery,
initially from indigenous medicine applications [5, 26] and
later during pharmaceutically oriented screening programs
seeking anti-HIV [6] or neurotensin-inhibitory activities
[8]. Other approaches that focussed on identifying proteins
from plant biomass took advantage of the unique
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hydrophobic patch (green) which associates with membranes. d
Precursor proteins for kalata B1 (Oakl) and kalata B2 (Oak4). Oak4
is shown to highlight the fact that some cyclotide genes encode
multiple copies of cyclotides (as is the case for kalata B2) [16]. The
cyclotide C-terminal residue (Asn or Asp), thought to be targeted by
AEP, is marked with an arrow

biophysical properties of cyclotides [1, 27, 28]. Most of the
originally reported activities seem to have little physio-
logical relevance to a plant. For example, why would a
plant need to produce an anti-HIV agent? The answer of
course is that this is a fortuitous activity and that plants
produce cyclotides for another purpose. Indeed, like other
ribosomally synthesised cyclic peptides, such as bacterio-
cins [22] and O-defensins [20], from bacteria and
mammals, respectively, cyclotides appear to be produced
as part of the host defence armoury [29].

The most extensively studied defence-related role of
cyclotides is their insecticidal activity [16, 30, 31]. Other
miscellaneous activities have also been reported for
individual cyclotides, including antimicrobial [32], anti-
fouling [33], cytotoxic [34], molluscicidal [35] and
nematocidal activities [36—38]. The apparent antimicrobial
activity requires further investigation because synthetic
kalata B1 was reported to be inactive against Escherichia
coli by Tam et al. [32], but native kalata B1 was found to
be active in a recent study by Gran et al. [39]. Similarly,
kalata B1 was shown to be active under low salt condi-
tions against Staphylococcus aureus in the former study
but inactive in the latter study. The differences have been
attributed to the use of different bacterial strains, but
additional studies are underway to resolve this issue [39].
It appears that bacterial strains that might be involved in
plant pathogenesis have not yet been tested for their
susceptibility to cyclotides, and this represents an
important area for future study.
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The diverse range of cyclotide activities despite their
conserved core structural motif prompts the question: Is
there a common mechanism of action? A number of bio-
physical studies have now clearly established that cyclotides
bind to membranes, and it appears that their diverse actions
can be explained on the basis of this binding. Surface
plasmon resonance studies [40] have shown that cyclotides
bind to immobilised phospholipid bilayers, and NMR
experiments have been used to define the binding orientation
of the cyclotides kalata B1 and kalata B7 on dod-
ecylphosphocholine (DPC) micelles, used as a model for
biological membranes [41, 42]. These NMR studies show
that cyclotides orient on the surface of the DPC micelle, with
a hydrophobic patch on the surface of the cyclotides (Fig. 1)
slightly embedded at the micelle surface. Another recent
study has shown that different cyclotides have their hydro-
phobic patches in different orientations with respect to the
cystine knot and confirmed that it is the hydrophobic patch
that determines the binding orientation [43].

However, in our opinion it is likely that more than
simple membrane binding of cyclotide monomers is
required for cyclotides to exert biological effects at mem-
branes. One study has shown that some cyclotides have a
tendency to self-associate in solution [44]. We have sug-
gested that this self-association is mediated by a patch of
adjacent hydrophilic residues on one face of the prototyp-
ical cyclotide kalata B1 [45]. When any of these residues
are mutated to an alanine, kalata B1 loses insecticidal
activity. We hypothesize that cyclotides self-associate by
this hydrophilic “bioactive face” then embed in the
membrane via the hydrophobic face, ultimately forming
pores that disrupt cell membranes of the pest or pathogen
[45, 46]. This mode of action may be responsible for the
observations made recently using electron microscopy that
showed major disruption to the midgut membranes of
Helicoverpa species when fed an artificial diet containing
cyclotides [30]. An earlier study established a link between
cytotoxic activity of cycloviolacin O2 against a human
lymphoma cell line and membrane disruption [47].

In summary, although it remains to be determined
whether cyclotides act via a stereospecific protein-based
receptor, the likelihood is that they do not, and that their
actions are mediated purely, or at least mainly, by mem-
brane binding, by which they cause disruption and leakage
of biological membranes. Interestingly, an intact cyclic
backbone seems to be essential for the bioactivities tested
for so far, and synthetic acyclic variants of cyclotides have
been shown to be inactive in haemolytic and insecticidal
assays [30, 48, 49]. It is not known if this lack of activity
results from the acyclic peptides no longer interacting with
membranes or whether changes in stability affect the
activity, and this is another area that warrants future
investigation.

Distribution: revolution or evolution?

Initially, it was surprising that only a limited number of
cyclotides had been found in sporadically distributed
members of the Rubiaceae, yet in every member of the
Violaceae we examined, we found cyclotides [2, 3, 50].
The Violaceae and Rubiaceae are not closely related phy-
logenetically, and in early studies there was no evidence of
cyclotides in other plant families. However, a recent study
screened more than 250 Rubiaceae species and found a hit
rate of 5-10% for cyclotides [2]. Evidence is also emerging
that cyclotides are likely to occur in other families,
including the Apocynaceae [2], thus it is our prediction that
cyclotides will be found in a much wider group of plant
families than is currently known. The lack of discovery so
far perhaps reflects the fact that cyclic peptides are
intrinsically more difficult to sequence than conventional
linear peptides, and there have been relatively few screens
of plant species for peptide components. Alternatively,
cyclotides might be present in lower abundance in some
plant families.

Two recent reports have suggested that cyclotide-like
nucleic acid sequences are present in monocotyledonous
plants such as rice, wheat and corn, which are part of the
Poaceae family [51, 52]. A bioinformatics-based study [51]
looking at nucleic acid sequences from these plants found,
for example, ~ 20 cyclotide-like sequences that encode the
signature cysteine spacing of cyclotides and a conserved
glutamic acid that is a characteristic of cyclotides [53, 54].
Basse [52] found upregulation of a similar sequence in
response to fungal infection in corn, supporting the sug-
gestion that cyclotides (or cyclotide-like sequences) have a
role in host defence. However, none of these nucleic acid
sequences have been detected at the peptide level, and it
remains to be discovered whether these mRNAs are
translated to protein, and, if so, whether they are processed
into linear or cyclic peptides. Their sequences lack a key
Asn (or Asp) residue involved in processing, as well as
residues conserved on either side of the mature cyclotide
sequence, and our prediction is that these are linear
ancestral cyclotide-like molecules. One of the important
areas for future studies of cyclotides will be examining
Poaceae species to see if expressed proteins corresponding
to these sequences can be found, and, if so, their functions
determined.

Finally, the title of this section, “revolution or evolu-
tion”, is meant to reflect on the question: Did circular
proteins arise as a revolutionary new class of molecules, or
do they reflect a gradual evolution from linear precursors?
The latter seems more probable, given the discovery of
apparently linear cyclotide-like sequences in the Poaceae,
together with the fact that a key Asn mutation is implicated
in cyclisation, as described in the following section.
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Cyclisation: making ends meet

At first sight, the formation of a peptide bond between the
N- and C-termini of a linear precursor protein would seem
to be intrinsically unfavourable from an entropic perspec-
tive, as would formation of a cystine knot. Recent studies
have identified two key enzymes (an asparaginyl endo-
peptidase and a protein disulfide isomerise) that appear to
be involved in the processing of cyclotides, from cyclisation
and folding perspectives, respectively. Specifically, Saska
et al. [18] and Gillon et al. [19] have shown that an aspa-
raginyl endopeptidase (AEP) enzyme is involved in the
cyclisation of cyclotides. AEPs are ubiquitous enzymes in
plants, and their normal role is proteolytic cleavage of
substrate proteins after Asn residues. However, it appears
that cyclotide precursors are able to hijack these enzymes
and utilise them not only for proteolytic cleavage but also
for the formation of peptide bonds, i.e., the reverse of the
normal proteolytic process. The use of enzymes “in
reverse” is a well-established thermodynamic principal, but
it is something that has not yet been seen widely in practice.
However, from an evolutionary perspective, it makes sense
that the cyclisation process would not spontaneously arise
as a “revolution”, rather it would arise incrementally by
recruiting an existing enzyme infrastructure for fortuitously
performing a cyclisation task that leads to advantages over
the linear precursor protein. We wonder whether cyclisation
as a stabilising post-translation modification may be under-
discovered since cyclisation often frustrates most tech-
niques typically employed to characterise proteins, as they
rely on protein fragmentation. More generally, we recently
suggested that protease-catalysed protein splicing, of which
cyclisation is one example, might be a more widespread
post-translational modification than originally thought [55].

Cyclotides can be readily synthesised in vitro [32, 56]
using an adaptation of native chemical ligation technology
[57]. In this process the backbone is first cyclised and then
the folding reaction occurs subsequently. We suspect that
in planta the opposite occurs, i.e., the oxidation and folding
of the precursor protein occurs first, and the mature peptide
is subsequently excised and cyclised.

We recently isolated a protein disulfide isomerase (PDI)
from O. affinis leaves and have shown in vitro at least that
it can increase the folding yield of cyclotide-related mol-
ecules, including a linear cyclotide and a reduced cyclic
molecule [58]. The relevance of this mechanism in vivo
remains to be established. Presumably the PDI interacts
with the precursor protein, rather than with processed
cyclotide domains. However, it is possible that the PDI has
a secondary function of mopping up any misfolded
cyclotides and can refold them appropriately. Some
recent work has shown that one of the twelve PDIs in
Arabidopsis, PDIS, directly interacts and traffics with a

Cys-protease RD21 [59]. If these implications were
extendable to cyclotide synthesis, it is possible a more
intimate relationship between AEP (also a Cys protease)
and PDI may be responsible for cyclotide biosynthesis.

Synthetic engineered cyclotides: reinventing the wheel

How can designer cyclotides be made? Because cyclotides
are relatively small proteins of only ~ 30 amino acids, they
are amenable to solid phase peptide synthesis (SPPS), and
this has been our preferred method to produce them for a
range of biochemical, mechanistic, and protein engineering
studies [60]. The use of SPPS compared to bacterial
expression is preferred because, until recently, cyclotides
have been unable to be expressed conveniently in bacterial
cells. Recent work has shown that cyclotides can be
expressed in bacteria using intein-based expression systems
[61, 62]; however, the yields are currently quite low. Thus,
SPPS remains the most useful method for making cyclo-
tides, although the intein approach is attractive, as scale up
in SPPS is relatively expensive compared with scale up of
bacterial fermentation systems. A recently developed
chemo-enzymatic approach [63] in which SPPS is used to
make a linear cyclotide precursor that subsequently is
cyclised in an enzyme-catalysed reaction shows great
promise as another way of making cyclotides.

The reason that synthetic methods for producing cyclo-
tides are important is that they can be utilised to make
modified cyclotides, including examples where small
peptide epitopes with desired biological functions can
be engineered into the cyclotide framework, essentially
using it as a delivery vehicle for stabilising peptides for
pharmaceutical applications [11]. Several examples of
bioactive peptide grafting have been reported recently,
using both cyclotides themselves, including kalata B1 [64]
and MCOoTI-II [65], and linear cystine knot molecules such
as EETI [66-68]. Although promising results have been
obtained, more work needs to be done in this area to
confirm the viability of the CCK framework in drug design.
For instance, pharmacokinetic properties and immunoge-
nicity of grafted cyclotides are two key features that need
to be explored.

If the CCK framework does prove to be useful in drug
design, the issue of manufacture of cyclotide-like molecules
will arise. As well as the SPPS, intein-based, and chemo-
enzymatic methods described above, the use of cultured
plant cells as production factories for cyclotides has been
reported recently [69-71]. The latter method looks partic-
ularly exciting, producing yields of 0.4 g/kg of kalata BI,
similar to that seen in whole plants (1-2 g cyclotides/kg
plant material). In the longer term, since plants themselves
can produce cyclotides in very high yields, it could be
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Fig. 2 Overview of potential pharmaceutical and agricultural appli-
cations of cyclotides. Oldenlandia affinis (centre) represents an
example of a plant that naturally produces cyclotide genes (green
arrow) and corresponding cyclotide peptides (red arrow). The upper
(red) panel of the diagram represents pharmaceutical applications that
involve grafting biologically active peptide epitopes (e.g., the
indicated helical peptide) into the CCK framework of natural
cyclotides. These modified cyclotides can be synthesised using solid
phase peptide synthesis, chemo-enzymatic synthesis or inteins.
Alternatively, pharmaceutically modified cyclotides might, in future,
be produced (“pharmed”) in plants or in plant cell culture [71] as
shown in the middle of the diagram, by transformation with genes

economically advantageous to produce pharmaceutically
modified cyclotides, using whole plants as factories. Initial
studies have shown that cyclotide genes can be transformed
into Arabidopsis and tobacco and can produce cyclic pep-
tides; however, the yields are still low and the technology is
associated with the production of large amounts of mis-
processed (linear) cyclotide derivatives [18, 19]. All of
these studies so far have relied on the insertion of only a
single gene into plants. Co-expression with auxiliary pro-
teins such as the PDI or AEP from cyclotide-bearing plants
has the potential to increase yields.

Future perspectives

There remains much to be done in the field of cyclotide
research. In particular, although there have been promising

encoding modified cyclotides. The lower (green) panel of the diagram
represents agricultural applications, whereby cyclotide gene
sequences can be expressed in crop plants (e.g., corn as indicated)
to confer resistance to pests. The dashed arrows are shown to
highlight the linkage between pharmaceutical and agricultural
applications schematically. For example, lessons learned from
synthetic chemical grafting studies to produce pharmaceutically
active cyclotides can be combined with lessons learned from the
recombinant expression of insecticidal cyclotide genes in plants, to
undertake molecular pharming studies, i.e., the production of
pharmaceutically active cyclotides in plants

starts to understand the biosynthesis of cyclotides, so far,
nothing is known of the N-terminal processing events that
precede cyclisation. It seems probable that there must be
processing at the N-terminus to facilitate its nucleophilic
attack on the C-terminal Asn residue and the subsequent
transpeptidation reaction driven by AEP activity. Likewise,
the sites within plant cells for the various processing
reactions, and indeed the fate within the cell of cyclotides
themselves, has not yet been reported. Are they stored in
vacuoles or are they secreted?

The extent to which cyclotides are present in the plant
kingdom is still not clear, with cyclotides only confirmed
so far in three plant families. The current suite of known
cyclotides is likely to be biased by the extraction proce-
dures that have been commonly used and the focus on late
eluting peaks on RP-HPLC. Searches for more hydrophilic
peptides might yield novel cyclotides. Indeed, two
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hydrophilic cyclotides have already been found in the
tropical vine Momordica cochinchinensis [72]. Studies of
plant seeds are warranted and might be important for dis-
covering novel cyclotides because the M. cochinchinensis
cyclotides were found in seeds whereas the majority of
other studies have focussed on other plant tissues, princi-
pally on leaves. Furthermore, a greater emphasis on
screening for cyclotides at the nucleic acid rather than
peptide level is likely to expand the range of cyclotides
significantly. Several recent studies have emphasized the
promise of this approach [3, 50, 73, 74]. However,
improvements in methods for the detection of cyclotides at
the peptide level will continue to be important [75].

The mechanism of action of cyclotides needs further
investigation, although it seems fairly clear that mem-
brane binding is likely to be the preferred common
feature amongst the activities of many cyclotides [46, 47].
The exact details of how they disrupt biological mem-
branes remains to be established. Studies that determine
the geometry of self-association and the geometry of any
pores formed in membranes will provide insight in this
area.

Because cyclotides have so far not been conveniently
amenable to bacterial expression, they have not been able
to be isotopically labelled to assist in advanced NMR
applications, for example. The recent demonstration [76]
that uniformly labelled '°N cyclotides can be isolated from
O. affinis paves the way for such studies.

In terms of applications of cyclotides, a promising start
has been made in the production of transgenic plants that
express cyclotides [18, 19]. Such plants could have appli-
cations in two areas: either as pharmaceutical production
factories for producing high value molecules such as
pharmaceutically grafted cyclotides, or agricultural appli-
cations, where the natural insecticidal or nematocidal
activity of cyclotides is transferred to crop plants for
example, as highlighted in Fig. 2.

Finally, there are many questions that can be raised
about the distribution, mechanism of action and evolution
of cyclotides: (1) Why do individual plants produce so
many different cyclotides? Sometimes more than 100
cyclotides are found in a single plant. Perhaps this is a
mechanism for overcoming the development of resistance.
(2) Do all cyclotides act via the same general mechanism
or are there some that interact with receptors? (3) How
many other classes of circular proteins exist and are their
mechanisms of processing similar to those of cyclotides?
Already it is clear from the examination of the sequences of
plant, bacterial and mammalian cyclic proteins that there
are major differences in the amino acid residues at the
processing sites. Even if the broad mechanisms of cycli-
sation are similar, the biochemical details are likely to be
quite different in bacteria, plants and mammals.
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