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Legume cyclotides shed light on the genetic origin of
knotted circular proteins
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yclotides are fascinating circular
proteins ranging from 28 to 37
aa residues that are naturally
expressed in plants. They exhibit
antimicrobial, insecticidal, antihelmintic,
cytotoxic, and antiviral activities (1), and
protease inhibitory activity (2), and can
exert uterotonic effects (3). They all share
a unique head-to-tail circular knotted to-
pology of three disulfide bridges, with one
disulfide bond penetrating through a mac-
rocycle formed by the other two disulfides
bonds and interconnecting peptide back-
bones, forming what is called a cystine knot
topology (Fig. 1) (1). This cyclic cystine
knot framework gives cyclotides a compact,
highly rigid structure (4), which confers
exceptional resistance to thermal/chemical
denaturation and enzymatic degradation
(5), thereby making cyclotides a promis-
ing molecular scaffold for drug discovery
(6, 7). So far, cyclotides have been discov-
ered in plants from the Rubiaceae (coffee),
Violaceae (violet), and Cucurbitaceae
(squash) families (8, 9), and more recent-
ly in the Fabaceae (legume) family (Fig. 1)
(10). The discovery of cyclotides in the
Fabaceae family of plants represents an
important new development because this
family of plants is the third largest on
Earth, comprising approximately 18,000
different species. Some of these species
are widely used as crops in human nutri-
tion and food supply. This opens the in-
triguing possibility of using these plants for
the large-scale production of cyclotides
with pharmaceutical or agrochemical
properties by using transgenic crops. The
key to accomplishing that, however, is to
have a better understanding of the mech-
anism that produces these interesting
microproteins in this family of plants.

The report by Poth et al. in PNAS (11)
brings us closer to that exciting possibility by
describing the gene encoding the protein
precursor of a unique cyclotide (Cter M)
isolated from the leaf of butterfly pea (Clit-
oria ternatea), a representative member of
the Fabaceae plant family. All the cyclotides
reported so far from the Violaceae and Ru-
biaceae families are biosynthesized via pro-
cessing from dedicated genes that, in some
cases, encode multiple copies of the same
cyclotide, and in others, mixtures of different
cyclotide sequences (Fig. 1) (12). Poth et al.
(11) reveal that the sequence encoding the
cyclotide Cter M, however, is embedded
within the albumin-1 gene of C. fernatea
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Genetic origin of cyclotides from different plant families. Rubiaceae (Oldenlandia affinis) and Vi-

olaceae (Viola odorata) plants have dedicated genes for the production of cyclotides (12). 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). In contrast, the CterM gene (C. ternatea, Faba-
ceae) shows 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. The Cter M cyclotide domain replaces albumin-1 b-
chain. The genetic origin of the Cucurbitaceae cyclotides (found in the seeds of M. cochinchinensis) remains

to be identified.

(Fig. 1). Plant albumins are part of the nu-
trient reservoir, but they also play a role in
host defense. Generic albumin-1 genes are
comprised of an ER signal sequence followed
by an albumin chain-b, a linker, and an al-
bumin chain-a. In the precursor of cyclotide
Cter M, the cyclotide domain replaces the
albumin chain-b domain. This interesting
finding raises the question of how this re-
placement took place in evolution. There are
two possibilities: (i) gradual evolution of the
chain-b domain into the cyclotide domain
or (if) rapid lateral transfer of the cyclotide
gene into the albumin gene. Poth et al. (11)
present evidence supporting a gradual evo-
lutionary path, whereby the albumin-1 chain-
b slowly evolved into a more stable cyclotide
domain. For example, the pea albumin-1
subunit-b (PA1b), one of the best-studied
Fabaceae albumin components, is a 37-aa
peptide from pea seeds (Pisum sativum),
which also contains a cystine-knot structure

(13). Remarkably, the cystine-knot core of
PA1b overlays extremely well with that of the
cyclotide Cter M. The composition and size
of the PA1b loops are, however, totally dif-
ferent from those of the cyclotide Cter M.
Recent mutagenesis studies on PA1b have
also recently shown that this albumin domain
is highly tolerant to mutations outside the
cystine knot core (14). These observations
support the possibility of divergent evolution
of cyclotides from ancestral albumin domains,
wherein evolution and natural selection
provided an alternative loop decoration of
the original cystine knot albumin core.

A final question remains. Linear cystine
knot proteins such as PA1b are not backbone
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cyclized like cyclotides. What made the cy-
clization process possible, allowing the final
transformation of an evolved cystine-knot
albumin domain into a cyclotide? As in-
dicated by Poth et al. (11), the structural
analysis of PA1b may reveal some clues
about how this could have happened. The
NMR structure of PA1b (13) reveals that the
N and C termini are very close to each other,
and it is possible that mutations in the albu-
min genes predisposed them to cyclization
during the evolution process.

However, what type of mutations could
allow the backbone cyclization of a linear
cystine knot albumin domain? Although the
complete mechanism of how cyclotide pre-
cursors are processed and cyclized has not
been fully characterized yet, recent studies
indicate that an asparaginyl endopeptidase
(AEP; also known as vacuolar processing
enzyme or legumain) is a key element in the
cyclization of cyclotides (15, 16). It has been
proposed that the cyclization step mediated
by AEP takes place at the same time as the
cleavage of the C-terminal propeptide from
the cyclotide precursor protein through
a transpeptidation reaction (15). The trans-
peptidation reaction involves an acyl-trans-
fer step from the acyl-AEP intermediate to
the N-terminal residue of the cyclotide do-
main (16). A similar process has been used
for the chemical (17), chemoenzymatic (18),
and recombinant (19) production of cyclo-
tides. AEPs are Cys proteases that are very
common in plants and are able to specifically
cleave the peptide bond at the C terminus of
Asn and, less efficiently, Asp residues. All
the cyclotide precursors identified so far,
including those from C. fernatea, contain
a well conserved Asn/Asp residue at the
C terminus of the cyclotide domain, which
is consistent with the idea that cyclotides are
cyclized by a transpeptidation reaction
mediated by AEP (15).

Despite these similarities, C. ternatea
cyclotides also show some differences re-
garding the residue immediately following
the mechanistically conserved Asn. In the
cyclotide precursors from the Violaceae and
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Rubiaceae families, the C-terminal Asn/Asp
residue is always followed by a small amino
acid, either Gly or Ser. However, the Cter M
precursor reported by Poth et al. (11) in-
dicates that a small amino acid is not always
required in that position. Moreover, some C.
ternatea cyclotides also have a His residue at
the N terminus of the cyclotide precursor
rather than the most common Gly residue
found in most cyclotide domains (10). These
observations seem to indicate that, at least in
the Fabaceae family, the AEP-mediated
transpeptidation step may be more tolerant
than previously recognized.

The finding that albumin genes can evolve
into protein precursors that can be sub-
sequently processed to become cyclic was
described in a recent report on the bio-
synthesis of the sunflower trypsin inhibitor
peptide, SFTI-1 (20). SFTI-1 is a 14-residue
peptide isolated from sunflower seeds with
a head-to-tail cyclic backbone structure hav-
ing only a single disulfide bond. In this case,
the SFTI-1 linear precursor is embedded
within a “napin-type” 2S albumin.

The report by Poth et al. (11) indicates
that the biosynthetic origin of some cyclo-
tides are very different from others, which
could suggest that cyclic peptides might be
more widely distributed than is currently
realized. The exceptional stability of back-
bone-cyclized peptides may give them an
evolutionary advantage, which may provide
the driving force for the evolution of multi-
ple biosynthetic pathways including the
use of dedicated or recycled genes, with
albumins now being implicated in the
biosynthesis of two different classes of
cyclic peptides.

In this context, it is worth noting that the
protein precursors of the only two cyclotides
isolated so far from the Cucurbitaceae plant
family, Momordica cochinchinensis trypsin
inhibitor I and II (MCoTI-I/I1; Fig. 1), re-
main yet to be identified. These cyclotides
are found in the seeds of M. cochinchinensis
(a tropical squash plant) and are potent
trypsin inhibitors. MCoTI cyclotides do not
share significant sequence homology with the

scaffold for peptide-based therapeutics. Curr Mol Phar-
macol 3:153-163.

8. Gruber CW, et al. (2008) Distribution and evolution of
circular miniproteins in flowering plants. Plant Cell 20:
2471-2483.

9. Chiche L, et al. (2004) Squash inhibitors: From struc-
tural motifs to macrocyclic knottins. Curr Protein Pept
Sci 5:341-349.

10. Poth AG, et al. (2011) Discovery of cyclotides in the
Fabaceae plant family provides new insights into the
cyclization, evolution, and distribution of circular pro-
teins. ACS Chem Biol 6:345-355.

11. Poth AG, Colgrave ML, Lyons RE, Daly NL, Craik DJ(2011)
Discovery of an unusual biosynthetic origin for circular
proteins in legumes. Proc Nat/ Acad Sci USA 108:
10127-10132.

12. Dutton JL, et al. (2004) Conserved structural and se-
quence elements implicated in the processing of
gene-encoded circular proteins. J Biol Chem 279:46858-
46867.

13. Jouvensal L, et al. (2003) PA1b, an insecticidal protein ex-
tracted from pea seeds (Pisum sativum): 1H-2-D NMR

10026 | www.pnas.org/cgi/doi/10.1073/pnas.1107849108

other cyclotides beyond the presence of the
three-cystine bridges that adopt a similar
backbone-cyclic cystine-knot topology (Fig.
1) and are more related to linear cystine-knot
squash trypsin inhibitors. In fact, an acyclic
version of MCoTI-cyclotides (known as
MCoTI-III) can also be found in the seeds of
M. cochinchinensis. This situation, in which
the cyclic and linear versions of the cys-knot
protein coexist in the same organism, pro-
vides a unique opportunity to study the ge-
netic origin and evolution of these interesting
molecules. Identification of the protein pre-
cursors for the cyclic and linear versions

of these cystine-knot trypsin inhibitors
should provide a unique snapshot in the
evolutionary process of plant cyclic cystine-
knot proteins.

In summary, the work by Poth et al. (11)
provides critical information on the origin,
evolution, and processing of cyclotides from
a plant of the Fabaceae family. The discov-
ery of unique cyclotides as well as other cy-
clic peptides from a wide range of plants is
key to define and fully understand the dif-
ferent cyclization mechanisms used by
plants. So far, the expression of cyclotides in
transgenic plants has been attempted only in
Arabidopsis and tobacco (15, 16), in which
cyclotide expression is highly inefficient,
giving rise to mostly acyclic or truncated
proteins. The proven ability of C. ternatea to
produce fully folded cyclotides seems to
suggest that other species of the Fabaceae
family could also be used for the production
of cyclotides. Several members of this large
family of plants are agricultural crops, which
opens the intriguing possibility of generating
genetically engineered crops for the large-
scale production of cyclotides with useful
pharmacological or agrochemical properties
in the near future.
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