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Cyclotides are plant-derived miniproteins that have the unusual features of a head-to-tail cyclized peptide backbone and
a knotted arrangement of disulfide bonds. It had been postulated that they might be an especially large family of host
defense agents, but this had not yet been tested by field data on cyclotide variation in wild plant populations. In this study,
we sampled Australian Hybanthus (Violaceae) to gain an insight into the level of variation within populations, within species,
and between species. A wealth of cyclotide diversity was discovered: at least 246 new cyclotides are present in the 11
species sampled, and 26 novel sequences were characterized. A new approach to the discovery of cyclotide sequences was
developed based on the identification of a conserved sequence within a signal sequence in cyclotide precursors. The
number of cyclotides in the Violaceae is now estimated to be >9000. Cyclotide physicochemical profiles were shown to be
a useful taxonomic feature that reflected species and their morphological relationships. The novel sequences provided
substantial insight into the tolerance of the cystine knot framework in cyclotides to amino acid substitutions and will
facilitate protein engineering applications of this framework.

INTRODUCTION

The cyclotides are a distinctive class of plant defense peptides
produced by various species in the Violaceae and Rubiaceae
(Craik et al., 1999; Craik, 2001; Géransson et al., 2003; Gustafson
et al., 2004; Trabi and Craik, 2004). They are characterized by
their head-to-tail cyclization and cystine knot motif (Craik et al.,
2001), which contribute to their exceptional resistance to phys-
ical, chemical, and biochemical degradation (Gran, 1973a;
Colgrave and Craik, 2004). Topologically related macrocyclic
peptides containing a cyclic cystine knot also occur in a plant from
the Cucurbitaceae family (Hernandez et al., 2000; Felizmenio-
Quimio et al., 2001), and a range of other circular proteins have
been discovered in bacteria, plants, and animals over recent
years (Trabi and Craik, 2002; Craik et al., 2003). The cyclotides
display antiviral, uterotonic, and other biological activities (Gran,
1973b; Gustafson et al., 1994; Witherup et al., 1994; Tam et al.,
1999; Craik, 2001) but are believed to function in vivo as
insecticidal agents (Jennings et al., 2001). The mechanism by
which they act is currently under investigation but is believed to
be mediated through disruption of biological membranes
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(Nourse et al., 2004; Kamimori et al., 2005). Because of their
great stability and well-defined molecular architecture, the
cyclotides have attracted attention as potential frameworks for
peptide-based drug design (Craik et al., 2002).

At present, ~50 cyclotide sequences and nine three-
dimensional structures have been reported (Saether et al., 1995;
Daly etal., 1999; Skjeldal et al., 2002; Rosengren et al., 2003; Barry
et al., 2004; Trabi and Craik, 2004; Chen et al., 2005; Jennings
etal., 2005; Koltay et al., 2005; Mulvenna et al., 2005). Structures
of linear analogues (Barry et al., 2003) and a disulfide-deficient
mutant (Daly et al., 2003) are also available. Figure 1 shows
a selection of cyclotide sequences from a range of genera to-
gether with a typical three-dimensional structure. The sequences
are aligned based on the six conserved Cys residues and show
that certain backbone loops between Cys residues are highly
conserved. Also shown are sequence logos (Crooks et al., 2004)
to graphically depict current knowledge of cyclotide sequences.
Preliminary analysis of available plant material has shown
a wealth of sequence diversity within the cyclotides, indicating
that thousands of unique sequences may exist (Trabi and Craik,
2004). This diversity represents a significant potential resource
for the development of environmentally friendly crop protection
agents that might avoid the development of resistance by target
insects (Craik et al., 2004). However, contrary observations, such
as the presence of near-identical cyclotide sequences in widely
diverged species such as Oldenlandia affinis (Rubiaceae) and
Viola arvensis (Violaceae), as shown in Figure 1, call into question
the potential range of variation of this class.

To date, most of the plant material studied for cyclotide
isolation has been of cultivated origin and of limited genetic
diversity. Additionally, there has been a bias toward more readily
available Viola species (Schopke et al., 1993; Goransson et al.,
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Leonia cymosa Cycloviolin C GIp--|c|eEs|c|vFIp- |C|LTTVA-G|C|S|C|---KNKV|C |YRN
Viola arvensis Varv A GLPV- |Cc|GET|C|VGGT- |C|N-T--PG|C|S|C|---SWPV |C |TRN
Hybanthus parviflorus Hypa A GIP--|C|AES|C|VYIP-|C|TITALLG|C|S|C|---KNEV|C|Y-N
Rubiaceae
Psychotria longipes Cyclopsychotride SIP--|C|GES|C|VFIP- |C|TVTALLG|C|S|C]|---KSKV|C|YKN
Chassalia parviflora Circulin A GIP--|c|cEs|c|vwip- |C|I-sAaLG|C|S|C|---KNKV|C |YRN
Palicourea condensata Palicourein GDPTF |C|GET |C|RVIPV|C|TYSAALG|C|T|C|DDRSDGL |C |KRN
Oldenlandia affinis Kalata B1 GLPV- |C|GET |C|VGGT- |C|N-T--PG[C|T|C|---SWPV |C|TRN
4 5 6

Figure 1. Representative Sequences of Cyclotides from the Violaceae and Rubiaceae.

All peptides are head-to-tail cyclized, and the sequences are written starting from the presumed N-terminal cleavage point in the linear precursors
(Jennings et al., 2001; Dutton et al., 2004). Sequences are aligned based on the conserved Cys residues, which are numbered in Roman numerals
according to the order in which they appear in the linear precursor. Loops corresponding to the backbone segments between Cys residues are
numbered for reference. Loop 6 is formed at the cyclization point of the linear precursor. References for the listed cyclotides are as follows: cycloviolin C
(Hallock et al., 2000), varv A (Claeson et al., 1998), Hypa A (Broussalis et al., 2001), cyclopsychotride (Witherup et al., 1994), circulin A (Derua et al.,
1996), palicourein (Bokesch et al., 2001), and kalata B1 (Saether et al., 1995). A ribbon diagram of the cyclotide framework based on the structure of
kalata B1 (PDB ID 1NB1) with the cystine knot core rendered and numbering of loops is shown in the middle of the figure. At the bottom of the figure are
two sequence logos (Crooks et al., 2004) to graphically illustrate sequence conservation within known cyclotides. The size of the one-letter amino acid
code reflects the relative abundance of that residue in known cyclotides. Separate logos are shown for Mébius (top) and bracelet (bottom) subfamilies of
cyclotides (Craik et al., 1999).
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2003; Svangard et al., 2003, 2004; Trabi and Craik, 2004) de-
spite the many other genera in the Violaceae. To address these
deficiencies, an extensive examination of cyclotide diversity in
wild populations of Australian Hybanthus (Violaceae) was con-
ducted in order to gauge the level of cyclotide diversity within
populations, within currently defined species across their geo-
graphical distributions, and between species. It was hoped that
this information would shed light on the cyclotide variation of
individual Hybanthus populations and the potential utility of
cyclotide profiles as a chemotaxonomic feature in the Violaceae.
Furthermore, knowledge of sequence diversity will assist in the
utilization of the cyclotide framework as a protein engineering
tool.

More generally, the number of reported antimicrobial and
defense peptides has increased significantly in the last few
years, with >700 sequences being sourced from organisms
ranging from bacteria to plants and animals. In plants, although
investigations into variations in small secondary metabolites,
such as alkaloids and terpenes, in wild populations have been
reported (Turner, 1967; Da Costa et al., 2005), even in Viola itself
(Flamini et al., 20083), similar studies for peptide variation in wild
populations are lacking. Among the few examples of studies of
peptide variation, the diversity of Bowman-Birk protease inhib-
itors in cultivated lentils and their wild relatives (Sonnante et al.,
2005) has been examined, as has the chemotaxonomic utility of
antimicrobial peptides in frogs (Apponyi et al., 2004). In contrast
with most peptides, the unusual stability, high levels of expres-
sion, and hydrophobicity of cyclotides permit straightforward
isolation and characterization, making them ideal candidates for
evaluating peptide diversity in nature. In this study, cyclotides in
Hybanthus from across the Australian continent were sampled
to evaluate the diversity of this peptide family and, more broadly,
to give insights into the diversity of peptides in nature. A new
approach to the identification of cyclotide sequences was de-
veloped, and insights into the role of different amino acids at
specific locations in the structure were derived.

RESULTS

Aerial plant material was collected from wild populations of 9
of the 12 Australian Hybanthus species as defined by Bennett
(1972), and another two species were sampled from dried her-
barium specimens. With the exception of H. floribundus (subsp
floribundus (eastern) and subsp adpressus) and H. enneaspermus,
plants were typically observed to form small isolated colonies of
three to five plants, limiting the breadth of sampling. To minimize
ecological impact, root material was not collected, although
previous studies have clearly established that cyclotides are
present in roots of Violaceae species (Trabi and Craik, 2004).
Collection localities are summarized in Figure 2, with the total
distribution of each species (adapted from Bennett, 1972) shown
in gray or black (first and second listed species per map,
respectively), with letters indicating the position of each popula-
tion collected within its geographical range. Specimens obtained
from dried material are indicated with an asterisk.

Extraction and liquid chromatography—-mass spectrometry
(LC-MS) of each sample gave a series of traces with a range of

H. stellarioides/
debilissimus

H. enneaspermus/
floribundus "Hill River"

H. aurantiacus H. monopetalus/calycinus

H. floribundus floribundus/ H. floribundus curvifolius/
floribundus chloroxanthus  floribundus adpressus

H. bilobusicymulosus H. epacroidesivernonii

Figure 2. Distributions and Collection Sites of Australian Hybanthus.

Distributions of each species are shown in gray for the first species listed
for each map and in black for the second. Collections are coded with
letters and precise locations indicated with lines. The original location of
collections of dried material from herbarium specimens is indicated with
an asterisk. Hybanthus are seen to inhabit all but the most arid deserts in
Australia.

masses and retention times consistent with, but extending, those
seen in previously studied cyclotides. Representative traces are
shown in Figure 3. Interestingly, the dried herbarium sample of
H. floribundus subsp chloroxanthus gave LC-MS data of similar
quality to that obtained in freshly collected samples. In part, this
reflects the exceptional stability of cyclotides. The masses and
retention times of each trace were recorded for peaks with a
signal-to-noise ratio greater than five. A total of 540 retention
times and masses was recorded across all samples. Thirty-six of
the identified components had masses within experimental error
of those of cyclotides previously reported in other plants, in-
cluding V. odorata, V. arvensis, V. cotyledon, Leonia cymosa,
Hybanthus parviflorus, Psychotria longipes, Chassalia parviflora,
and O. affinis. Retention times for the previously reported cyclo-
tides were not available under comparable LC conditions,
limiting assessment of the likelihood that Hybanthus contains
these characterized peptides. However, it is possible, and indeed
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Figure 3. Sample LC-MS Traces of Selected Collections.
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likely, that some of these 36 peptides reflect already known
cyclotides found in other species. When possible common
compounds with masses within 1 D and retention times within
1 min were aggregated for individual species, it was deduced that
at least 246 unique cyclotides are present. The data were com-
piled for each species in a graph of retention time versus mass.

The chemical markers (mass and retention time) for individual
cyclotides from H. floribundus and its subspecies are shown in
Figure 4, with each population shown with a different symbol. For
well-sampled species such as H. floribundus subsp floribundus
(Victoria), several peaks originating from different plant samples
are clustered together in groups within 1 D and 1 min retention
time. As these clusters are presumably attributable to single
peptide sequences, these levels of variability in mass and re-
tention time were taken as the limits of experimental error in
subsequent analyses. For clarity, overlapping points in Figure 4
were separated in the time dimension, giving horizontal clusters
reflecting individual peptides. A complete list of species, masses,
and retention times is available in Supplemental Table 1 online.

LC-MS data for the remaining species are similarly shown in
Figure 5, with each individual plant of each species represented
with a unique symbol. The possibility of isobaric (e.g., Leu for lle)
or near isobaric (e.g., Asp for Asn) amino acid substitutions
leading to broadening of the observed clusters along the re-
tention time axis must be considered given that such substitu-
tions are known from previously published sequences. However,
as these represent minor sequence variations, their impact on
the utility of such clusters to infer relatedness between samples
is not significant. The important finding that emerges from
Figures 4 and 5 is that cyclotides are widespread in the
Hybanthus genus and that sequence variation appears to be
substantial, as assessed by variations in masses and physico-
chemical properties.

To compare cyclotide profiles of geographically separated
populations of the same species, H. calycinus is a good reference
example because this species is morphologically well defined
and occupies a consistent ecological niche along the coastal
plains of southwestern Australia. Four populations were sampled
across 500 km of coastline, revealing subsets of common
peptides between the groups (Figure 5). The southern and central
collections (samples A and B, respectively, in Figure 2) appeared
to have more overlap with each other than with the two northern
collections (samples C and D). An increase in the incidence of
peptides unique to a population was observed with decreasing
latitude (Figure 5, where there are two, three, three, and seven
unique compounds for collections A to D, respectively).

A similar pattern is found in the more diverse H. monopetalus
in Figure 5. In comparison with H. calycinus, this species has fewer
common peptides between sites, consistent with its greater mor-
phological and ecological variation and the greater separation of

Total ion count is graphed against retention time. Variations in peptide
concentration and diversity are seen, and the dried herbarium specimen
of H. floribundus subsp chloroxanthus is shown to give comparable data
quality to fresh material. The peaks of Hyfl A-C sequenced in this study
are indicated in the trace of H. floribundus subsp floribundus with
corresponding letters.
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Figure 4. Scatterplot of H. floribundus Peptide Masses and Retention
Times.

Individual species are indicated with different symbols. Masses range
from ~3000 to 3500 D and retention times from 10 to 20 min. Horizontal
clusters of peaks reflect possible common peptides. Overlapping peaks
have been horizontally dispersed for clarity.

populations. Once again, the number of unique peptides in each
population was observed to increase with decreasing latitude (4,
3, and 18 peptides from populations C, B, and A, respectively).

The cyclotides of H. epacroides and H. bilobus, two spe-
cies with an unusual spiny growth habit, were investigated, as
the separation of these species is contentious (Bennett, 1972).
The dried herbaria specimens of H. bilobus were found to give
reliable LC-MS traces. The clustering of a mass from a dried
herbarium sample of H. floribundus subsp chloroxanthus with
other H. floribundus subspecies collected from live material
indicated that the cyclotides were unchanged by preservation
and storage. The analysis of H. epacroides and H. bilobus sug-
gested only limited affinity between the two forms through a
single clustered peak.

The less thoroughly sampled species studied showed com-
parable patterns. For H. aurantiacus, there was little overlap
between northern and central populations, with only a single set
of coincident peptides in Figure 5. H. stellarioides contained
a single cyclotide in the limited sample studied, but as fruiting
material was not available, further diversity may exist. The
profiles for H. vernonii subsp vernonii were found to be very
consistent between northern and southern populations despite
marked morphological and ecological differences (from montane
sandstone to coastal scrub, respectively).

Across all species, the distribution of masses and retention
times both followed approximately bell curve distributions as
shown in Figure 6. Compounds were observed to vary in mass
from ~2800 to 3800 D and in retention time from 10 to 20 min.
The average mass was slightly skewed lower than the midpoint
of the range of masses, and the average retention times appear
roughly grouped into two sets. Overall, the new data significantly
expanded the range of masses seen previously for cyclotides.

The small size of individual plants and populations of most
Australian Hybanthus prevented the collection of sufficient

material for isolation and chemical sequencing of all individual
peptides. One exception was H. floribundus subsp floribundus,
which is alarge plant that was collected from an extensive colony
in southeastern Australia. Bulk plant material of H. floribundus
subsp floribundus was extracted and purified to give several
chromatographically pure cyclotides. From these, three new
sequences were determined by reduction, digestion, and tan-
dem mass spectrometry (MS-MS) analysis as described in
Methods. The sequences of the new peptides, named Hyfl
A-C, are summarized in Table 1. The peptide naming convention
established for H. parviflorus is adopted in this work (Broussalis
etal., 2001). Hyfl Ais similar to the previously reported cyclotides
circulin A and Hypa A (68 and 74% identity, respectively). By
contrast, Hyfl B and C both contain amino acid substitutions
previously unseen in cyclotides, namely a Gln and Met in loop 6,
Lys in loop 2, and tandem Gilu residues in loop 3 (see Figure 1 for
the definitions and locations of the backbone loops in cyclo-
tides). Interestingly, the Met residue in Hyfl B was found in the
oxidized state only, while both oxidized and unmodified forms
were found in Hyfl C. The presence of the tripeptide sequence
AET in loop 1 is also novel. Previously reported cyclotides have
the sequences GES, GET, or AES in this highly conserved loop.

Although it is clear that the approach described above, in-
volving the direct isolation and sequencing of cyclotide peptides,
provides a route to new sequence information, one of the goals of
this study was to develop a faster method of exploring cyclotide
diversity. The Hybanthus samples were therefore probed for
cyclotide sequences by reverse transcription of cyclotide pre-
cursor mRNA. Using forward primers designed to anneal to
sequences of loop 1 of previously characterized cyclotides
(Jennings et al., 2001; Dutton et al., 2004), 16 additional partial
cyclotide sequences were determined, as shown in Table 1. A
further seven complete cyclotide domain sequences (Hyfl D-E
and Hyfl I-M) were determined using a forward primer annealing
to a newly identified conserved element within the endoplasmic
reticulum (ER) signal of previously characterized cyclotide pre-
cursors from the Violaceae family (Dutton et al., 2004; Mulvenna
et al., 2005). The strategy used for obtaining these sequences is
outlined in Figure 7 and is based on knowledge of the generic
cyclotide precursor structure, which comprises regions coding
for an ER signal sequence, a propeptide domain, the mature
peptide domain, and a small hydrophobic tail C-terminal to the
mature domain. A region within the propeptide sequence just
upstream of the mature domain is referred to as the N-terminal
repeat (NTR) region, as some cyclotide precursors have up to
three tandem copies of it and an adjacent mature cyclotide
domain.

The predicted masses for six of the seven peptide se-
quences were found to have corresponding LC-MS points for
H. floribundus in the complete list of peptide masses and
retention times (see Supplemental Table 1 online) within 1 D.
The identification of additional sequences without correspond-
ing masses in the LC-MS traces of the same plant may reflect the
amplification of rare transcripts. Alignment of the NTR se-
quences of the seven partial precursors of H. floribundus with
those of V. odorata (Dutton et al., 2004) and V. tricolor (Mulvenna
et al., 2005) showed a high degree of sequence similarity (see
Supplemental Table 2 online), pointing to a vital role of this
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Figure 5. Scatterplots of Hybanthus Peptide Masses and Retention Times.

Individual species and collection locations are indicated with different symbols in each plot. Collections of individual plants from one location are
differentiated by shading. Masses range from 2800 to 3700 D and retention times from 10 to 20 min. Horizontal clusters of peaks reflect possible
common peptides. Overlapping peaks have been horizontally dispersed for clarity.
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Figure 6. Mass and Retention Time Distributions for Australian Hybanthus Cyclotides.

Peptides vary in mass from 2800 to 3700 D and in retention time from 10 to 20 min. Also shown is the mass distribution for published cyclotides (gray bars).

domain in the processing of precursors to produce mature
cyclotides. Secondary structure prediction identified a helical
motif in the NTR region that is conserved in other known
cyclotide precursors and is believed to play a role in folding,
processing, or detoxification of cyclotide domains from the
precursor (Dutton et al., 2004).

DISCUSSION

In this study, we have successfully investigated cyclotide di-
versity in wild populations of Australian Hybanthus, leading to
a description of the degree of diversity within populations,
species, and the genus. A comparison with known cyclotide
masses suggests that the plants sampled contain at least 246

new cyclotides. A new approach to the discovery of cyclotide
sequences was developed, and 26 novel cyclotide sequences
were characterized, substantially increasing the sequence knowl-
edge base for this family and clearly establishing cyclotides
as a large family of plant proteins. The utility of cyclotide phys-
icochemical profiles as a chemotaxonomic feature was also
demonstrated with common sets of peptides consistent with
morphologically defined species.

Isolation and analysis of the peptides from one Hybanthus
species by MS-MS sequencing characterized three novel cyclo-
tides, namely Hyfl A-C. Comparison of Hyfl A with the previously
determined sequence of Hypa A from the Argentine H. parviflorus
(Broussalis et al., 2001) indicates high sequence similarity. The
other two new peptides displayed residues previously unseen in
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Table 1. Novel Cyclotide Sequences Derived from Hybanthus Species

Name Hybanthus sp 6 1 2 3 4 5 6

| 1l 1] v Vv Vi

Hyfl A floribundus E -SISs- C GES C VYIP- C TVT-ALVG C T C --KDKV C YLN
Hyfl B floribundus E GSPIQ c AET Cc FIGK- c Y-TEEL-G Cc T c --TAFL Cc MKN
Hyfl C floribundus E GSPRQ (o] AET C FIGK- (] Y-TEEL-G (o] T (o] --TAFL (] MKN
Hyfl D floribundus E GSVP- C GES C VYIP- C F-TGIA-G C S C --KSKV C YYN
Hyfl E floribundus E GEIP- C GES (& VYLP- C F----LPN (] Y (] --RNHV (o] YLN
Hyfl F floribundus E -SIS- C GET C TTFN- C WI----PN C K C NHHDKV C YWN
Hyfl G floribundus E XXXXX (o] AET C VVLP- (o] FI---VPG (] S (o] --KSSV (] YFN
Hyfl H floribundus E XXXXX C AET C IYIP- C F-TEAV-G C K C --KDKV C YKN
Hyfl | floribundus W G-IP- (] GES (& VFIP- (] I-SGVI-G (] S (] --KSKV (o] YRN
Hyfl J floribundus W G-IA- C GES C AYFG- C WI----PG C S C --RNKV C YFN
Hyfl K floribundus W GT-P- (o] GES C VYIP- (o] F-T-AVVG (o] T (o] --KDKV (] YLN
Hyfl L floribundus W GT-P- C AES C VYLP- C F-TGVI-G C T C --KDKV C YLN
Hyfl M floribundus W GNIP- (o] GES C IFFP- (o] F----NPG (] S (o] --KDNL (] YYN
Hyfl N floribundus W XXXXX C GET C VILP- C I-SAAL-G C S C --KDTV Cc YKN
Hyfl O floribundus W XXXXX (o] GET C VIFP- (o] I-SAAF-G (o] S (o] --KDTV (o] YKN
Hyfl P floribundus W XXXXX C XXX C VWIP- C I-SGIA-G C S C --KNKV C YLN
Hymo A monopetalus XXXXX (o] GET C LFIP- (o] IFS--VVG (o] S (o] --SSKV (] YRN
Hymo B monopetalus XXXXX C GET C VTGT- C Y-T---PG C A C --DWPV C KRD
Hyst A stellarioides XXXXX (o] GET C IWGR- (o] Y-SENI-G (o] H (o] --GFGI (o] TLN
Hyve A vernonii XXXXX C GET C LFIP- C LTS--VFG C S C --KNRG C YKI
Hyca A calycinus XXXXX (o] GET (o] VVDTR (o] Y-T---KK (o] S (o] --AWPV Cc MRN
Hyde A debilissimus XXXXX X XXX (& VWIP- (& I-S-AAIG (o] S (o] --KSKV Cc YRN
Hyen A enneaspermus XXXXX (o] GES (o] VYIP- (o] TVT-ALLG (] S (o] --KDKV (o YKN
Hyen B enneaspermus XXXXX (o] GET (o] KVTKR (o] --SGQ--G (o] S (o] -LKGRS (o} Y-D
Hyep A epacroides XXXXX (o] GET (o] VVLP- (o] FI---VPG (o] S (o] --KSSV (o YFN
Hyep B epacroides XXXXX C GET (& IYIP- (o] F-TEAV-G (o] K (o] --KDKV Cc YKN

Sequences are aligned based on the conserved Cys residues (I to VI), and loops are numbered as in Figure 1. Hyfl A-C were identified by peptide
sequencing. An oxidized Met in Hyfl B is shown underlined to indicate that only the oxidized form was detected. By contrast, both oxidized and
reduced forms were detected for Hyfl C. The remaining sequences were identified by PCR as full or partial mMRNA transcripts. XXXXX represents an

undetermined section of sequence, outside that detected by the primer.

their respective loops. These peptides demonstrate that non-
trivial variations in cyclotide sequence remain to be discovered
and highlight the importance of continuing investigations into
other genera in the Violaceae. The expanding diversity of se-
quences also increases the likelihood that different cyclotides
will possess different activities in vivo. The observed diversity
demonstrates the versatility of the cyclic cystine knot as a com-
binatorial template, reinforcing the suggestion that it has exciting
potential applications in drug design (Craik et al., 2002). Of the 54
published cyclotide sequences, only two contain Met residues.
Two more Met-containing cyclotides are presented in this study
(Hyfl B and C), and in both cases oxidized forms of Met were
detected. This result is consistent with a previous study (Chen
et al., 2005), where an oxidized Met residue was reported to be
very solvent exposed, accounting for 7.5% of the total surface
area of the cyclotide.

We have previously isolated partial cDNA clones from O. affinis
(Jennings et al., 2001), V. odorata (Dutton et al., 2004), and
V. tricolor (Mulvenna et al., 2005) by RT-PCR using forward
primers based on known cyclotide sequences. The partial cDNA
clones were sequenced and used either directly to screen
a cDNA library (Jennings et al., 2001; Dutton et al., 2004) or for
design of gene-specific primers to screen a rapid amplification of
cDNA ends library (Mulvenna et al., 2005) for full-length clones. In

this study, we have used a similar approach to amplify partial
cDNA clones from Hybanthus but without subsequent cDNA or
rapid amplification of cDNA ends library construction to obtain
the full-length clones. Although this strategy allows for rapid
assessment of the diversity within mature cyclotide domains, the
first three to four amino acids of this domain fall outside the
primer region and are therefore not detected. This prevents com-
parison of predicted mass for the cDNA isolated peptide se-
quences with peptide masses found by LC-MS analysis of plant
extracts.

In a new approach, we therefore designed a forward primer
that targets a newly identified conserved element (AAFALPA)
in the precursor sequence upstream of the mature cyclotide
domain, identified by comparison of previously isolated full-
length cyclotide precursors in the Violaceae family (Dutton et al.,
2004; Mulvenna et al., 2005). Figure 7 shows the architecture of
typical cyclotide precursors and highlights the previously un-
reported conserved sequence element in the ER signal domain.
Using primers targeted to this region and to oligo(dT) in RT-PCR
proved successful for obtaining the full sequence of the mature
domain as well as most of the precursor without the need for
cDNA library construction and screening. Also, using a primer
that binds upstream of the mature domain sequence rather than
to known sequences within the cyclotide itself increases the
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n=1-3
I L]
m Pro-region | NTR Cyclotide
Oakl  MA-KFTVCLLLCLLLAAFVG==A- === = === o e e e e e e e e e e CGETCVGGTC-~===============
Voc1 e —
Voc2 CVWIPC-——----—-————————
Tricyclon MKTMASF-VLVLVEYNZANR S A FA - — - - = — = o e o e e e e e e CGESCFLGTC-————————————————
Hyfl D-E + I-M
HyflD AAFALPAI-A---------- KSKTMISNTVFDEALL-KHSNH-GLG Hyca A, Hyen A-B, Hyep A-B,
HyflE AAFALPAL-A--——--———--— KTKTLISDTVFD-ILL-KN-YH-TNG Hyfl G-H + N-O, Hymo A-B,
Hyfll AAFALPAI-A---------- KSKTVISKTVLDEALL-KH---DGLG Hyst A, Hyve A
Hyfl J AAFALPAL-A---------- KTKTLISDTVY-EALVLENS--—-VN
Hyfl K AAFVLPAI-A---------—- KSKTMISNTVFEEALL-KHSNH-GLG
HyflL AAFALPAI-A---------- KTKTMISNTVFEEALL-KHSHH-GLG Hyde A, Hyfl P
Hyfl M AAFALPAL-A---------—- KTKTLISDTVFD-ALL-KNS-H-TNG 4
b —

Figure 7. Schematic Representation of the General Organization of Cyclotide Precursors.

Each precursor protein consists of an ER signal, a pro-region, one to three copies of a mature cyclotide domain preceded by an NTR sequence within
the pro-region, and a short tail region. The latter typically comprises four to seven hydrophobic amino acids. The various elements are drawn roughly to
scale, with the ER signal typically 22 amino acids, the propeptide (including NTR) typically 40 to 60 amino acids, and the cyclotide domain typically 30
amino acids. A selection of precursor sequences is shown to illustrate the strategy used for designing primers to detect cyclotides by RT-PCR. For
clarity, only the ER signal sequences and part of the cyclotide sequences are shown. Oak1 is the precursor for kalata B1 (Jennings et al., 2001) and
represents cyclotide precursors from the Rubiaceae family. Voc1, Voc2 (Dutton et al., 2004), and Tricyclon (Mulvenna et al., 2005) from the Violaceae
family produce the mature cyclotides cycloviolacin O8, cycloviolacin O11, and tricyclon A, respectively. In this study, a conserved sequence element,
AAFALPA (black box), was identified within the ER signal of the Violaceae precursors and used as a new primer binding site. Other conserved elements
used as primer targets were the CGETC and CVWIPC sequences within the cyclotide domain (light and dark gray boxes, respectively). The new
Hybanthus cyclotides that were identified using these primers are indicated after each primer binding site (arrows). Hyfl F was identified using a primer
based on the SISC sequence in loop 1 of Hyfl A (data not shown in this figure). The partial ER signal and the most conserved part of the NTR region are
shown for the seven cyclotides that were identified using the AAFALPA primer. Secondary structure prediction of the pro-region by the program
PROFsec identified a short 3-sheet and an a-helix within the NTR (illustrated underneath the sequences) and a further two helical segments in the pro-

region upstream of the NTR (data not shown).

likelihood of isolating cyclotides with hitherto unseen sequences.
Cyclotides with rare sequences that are less abundant in the
plant may be an indication of increased biological activity, as the
plant would need smaller amounts of a more active peptide.

There are two main subfamilies of cyclotides, termed Mdbius
and bracelet. Members of the Moébius subfamily are character-
ized by a conserved cis-Pro in loop 5 that creates a twist in the
cyclic backbone, thereby making it conceptually similar to
a Modbius strip. Bracelet cyclotides do not have the cis-Pro
and, consequently, have no twist in the backbone. Moreover, in
Mébius cyclotides discovered to date, there is practically no
variation in loop sizes, and the net charge is generally neutral or
negative, whereas known bracelet cyclotides have variable loop
sizes and commonly carry a net charge of +2. Approximately
two-thirds of the cyclotides reported to date belong to the
bracelet subfamily. Most of the cyclotide sequences isolated
from the Hybanthus spp in this study lack the cis-Pro in loop 5
and are classified as bracelet peptides, except for Hyca A and
Hymo B, which are assigned to the Mdbius subfamily.

Many of the new cyclotides contain sequence elements not
previously observed. For example, Hyca A has an unusual loop 2
of five residues (VVDTR) as opposed to the standard four in
Mébius cyclotides. Also, the amino acid content of this loop
stands out, and the hydrophobic patch partially formed by this
loop is most likely expanded due to the presence of two

successive hydrophobic residues. With two consecutive Lys
residues in loop 4, not found in any other cyclotides to date, Hyca
A has a net charge of +2 and is thus more cationic than other
Mobius cyclotides. Together with the increased hydrophobic
region, this makes Hyca A more amphipathic. The unusual
presence of a Met residue in loop 6 as seen in Hyfl B and C is
also observed in Hyca A.

Solution structures of the bracelet cyclotides circulin A
(Daly et al., 1999) and cycloviolacin O1 (Craik et al., 1999;
Rosengren et al., 2003), and the Mdbius cyclotides kalata B1
(Rosengren et al., 2003) and kalata B2 (Jennings et al., 2005),
show that the typical bracelet structure, with six to seven
residues in loop 3, features a short helical segment in this region,
whereas in Mobius cyclotides, the four residues in loop 3 form
atype Il B-turn. Interestingly, the new bracelet cyclotides Hyen B,
Hyep A, and Hyfl E, F, J, G, and M have a short loop 3 of only four
residues, suggesting that this region forms a turn, as in Mdbius
cyclotides, rather than a helix. Furthermore, in Hyen B, Hyfl F/J,
and Hyst A, the conserved Pro preceding Cys Il in bracelets is
substituted with other residues, and all but one (Hyen B) of these
bracelet cyclotides with a shortened loop 3 have a Pro in position
3 of this loop, as do most Mdbius cyclotides. Both Pro residues
are important for the turn geometry in the respective subfamilies
(Rosengren et al., 2003), further strengthening the suggestion
that the bracelet cyclotides mentioned above feature a loop 3



typical of M&bius cyclotides. Hyfl F was also interesting due to an
expanded loop 5 of six residues (NHHDKYV) as opposed to the
usual four in bracelets, showing that the cyclotide framework is
capable of tolerating a range of sequences of varying length and
amino acid content. This finding is very significant, as it suggests
that loops 3 and 5 are potentially amenable to the grafting of
foreign bioactive epitopes into the sequence in protein engi-
neering or drug design applications (Craik et al., 2002).

In other so far known cyclotides, the one-residue loop 4
consists of a Ser, a Lys, or a Thr, but in Hyfl E, Hymo B, and
Hyst A, a Tyr, an Ala, and a His, respectively, form this loop. Other
unusual amino acid combinations of the newly discovered cyclo-
tide sequences include KVTKR, IWGR, and TTFN in loop 2 of
Hyen B, Hyst A, and Hyfl F and GFGI/ KNRG in loop 5 of Hyst A
and Hyve A, respectively. Hyve A further lacks the conserved Asn
or Asp in loop 6 thought to be involved in cyclization, raising the
question whether this peptide might be an acyclic homologue.

Finally, it is interesting to note the substitution of the conserved
Gly residue preceding Cys IV with a Lys in Hyca A and Asn in Hyfl
E and Hyfl F. Only in three cyclotides reported to date is this
residue not a Gly, namely, an Asn in circulin D and circulin E
(Gustafson et al., 2000) and a Glu in Vodo M (Svangérd et al.,
2003). It is thought that a positive ¢ angle in the peptide
backbone of the last residue in this loop is important for defining
the type Il B-turn that is needed to link loop 3 to the cystine knot

H. flor. adpressus

H. flor. flor East
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(Rosengren et al., 2003). Gly residues readily adopt conforma-
tions with positive ¢ angles due to the absence of a side chain.
Asn also has the ability to adopt positive ¢ angles by forming
a stabilizing hydrogen bond between the side chain and main
chain, thereby introducing a turn in the backbone. Most other
amino acids cannot adopt this conformation due to steric hin-
drance by the side chain. However, Lys residues are also known
to be capable of adopting positive ¢ angles. The substitution of
the Gly with a Lys in Hyca A will therefore probably allow for turn
geometry consistent with other cyclotides.

The experimental methods developed to measure cyclotide
diversity in this study proved effective on minimal amounts of
wild collected material (<200 mg) and gave reproducible reso-
lution to within 1 D and 1 min retention time by LC-MS. Only three
masses comparable to those of cyclotides occurred outside of
the 10- to 20-min retention time band, and very few peptide
masses inconsistent with cyclotides (<2000 or >4000 D) oc-
curred in this band. This suggests that cyclotides are present at
relatively high concentration in plant tissue and possess distinct
mass and chromatographic properties, rendering their isolation
and analysis straightforward and reliable. Although it is possible
that some cyclotides may have been missed by the extraction
and LC-MS procedure, the gradient used covered a wide range
of hydrophilic/hydrophobic properties, and we are confident that
the vast majority of cyclotides present was detected. Cyclotide

H. stellarioides

H. aurantiacus

H. enneaspermus

H. debilissimus

Figure 8. Diagram of Potential Common Peptides Shared between Different Species of Australian Hybanthus.

Individual species are denoted by ovals or rectangles (subsections Variabiles and Suffruticosi, respectively). Peptides are seen as potentially common to
two collections if they fall within 1 D and 1 min. Cases of two or more individual plants of two species sharing a potential common peptide are shown
with a solid line. Instances of one or more individuals of two species sharing a potential common peptide are shown with a dashed line. The single
peptide of H. stellarioides only had potential overlap with a peptide from H. vernonii with a looser mass difference restraint of 6 D.
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diversity within an individual species varied from a single peptide
(H. stellarioides) to 32 peptides (H. enneaspermus). The extremes
of variation seen in these two species are noteworthy, consid-
ering they were once classified as a single taxon (Bennett, 1972).
On average, 10 to 20 cyclotides were seen per species. Con-
sidering there are ~900 species (Ballard et al., 1999) in the
Violaceae (for which every species investigated to date has
contained cyclotides), it is conservatively estimated that there
are >9000 unique cyclotides in this plant family.

The variation seen between individual plants in a population is
possibly attributable to variations in cyclotide expression rather
than differences in genetics given previous observations show-
ing the dependence of cyclotide profile on plant tissue and
season (Trabi and Craik, 2004; Trabi et al., 2004). In the well-
sampled population of H. enneaspermus (Figure 5), tissues were
separated for one plant and indicated increasing cyclotide
diversity from leaves to flowers to fruits (3, 4, and 13 different
cyclotides, respectively). This is consistent with cyclotides
serving as defense molecules and is comparable to the locali-
zation of specific plant defensins to the stigma of Nicotiana
(Atkinson et al., 1993; Nielsen et al., 1995) in that the most critical
tissues for plant reproduction are the most heavily protected. The
pattern of increasing incidence of unique cyclotides with de-
creasing latitude in H. calycinus and H. monopetalus may be
a reflection of greater numbers or diversity of pathogens and
herbivores in warmer climates.

The influence of geographical isolation of Hybanthus popula-
tions is seen in the cyclotide profiles of H. floribundus and its
subspecies in Figure 4. This species has been described as
consisting of a type form (subsp floribundus) present in south-
eastern and southwestern Australia and several additional mor-
phologically distinct forms in the southwest (subsp adpressus,
chloroxanthus, curvifolius, and “Hill River”). The Nullarbor desert
represents a genetic barrier that separates the Hybanthus
populations of these two regions. Analysis of the cyclotide
profiles of this group reveals a tendency for western collections
of all subspecies to cluster more highly together than to the
eastern population. This suggests that the eastern and western
populations of the type subspecies are at least as distinct as the
described morphological variants in the southwest and that
H. floribundus subsp floribundus could be further split to account
for this difference.

The data generated in this study allow some conclusions about
taxonomic relationships between Hybanthus species to be de-
rived. A comparison of the cyclotide physicochemical data
across all species (see Supplemental Figure 1 online) using
similar criteria for collating peptides within species revealed 42
peptides that could be shared between species. In Figure 8, each
species is represented as an oval or a rectangle (Hybanthus
section Variabiles, E.M. Bennett, or Suffruticosi, G.K. Schulze,
respectively; Bennett, 1972). This analysis demonstrated a net-
work of relationships through possible common peptides. The
western Australian subspecies of H. floribundus clustered
closely together and displayed well-defined links to H. epa-
croides, H. cymulosus, H. monopetalus, and H. vernonii. Con-
nections between H. monopetalus and H. aurantiacus, and H.
aurantiacus and H. enneaspermus were also seen. The latter
relatively isolated grouping is noteworthy, as these species are

the section Suffruticosi of Hybanthus (along with H. stellarioides
that displayed only a single peptide with uncertain relationships),
although all other Australian species are in section Variabiles
(Bennett, 1972). Continuing work on cDNA isolation from the
collected samples is expected to provide a clearer picture of the
evolution of the Australian Hybanthus and their cyclotides.

Itis important to note that the relationship deductions in Figure
8 have some limitations, including the fact that it is possible that
not all cyclotides in a given species will have been detected, and
there may be seasonal variations in cyclotide expression. Effects
of the latter were minimized by collecting all plant material while
in active growth at the commencement or in the middle of
flowering. Furthermore, if seasonal or developmental variation,
or detection limitations, had led to the absence of any peptides
from individual species, this would only remove potential rela-
tionships from Figure 8, which thus represents a conservative
interpretation of the LC-MS data.

This study adds to the emerging picture of the diversity of
defense peptides throughout all major phyla in nature. Initiatives
in collating this emerging information have been made for
knottins (Gelly et al., 2004) and antimicrobial peptides (Tossi
and Sandri, 2002; Brahmachary et al., 2004; Wang and Wang,
2004) in the form of online databases of the expanding list of
cDNA and peptide sequences and their structures and activities.
A database of cyclotide sequences (www.cyclotide.com) will
soon be substantially updated to accommodate this rapidly
growing family.

In conclusion, this study indicates that an extensive range of
cyclotides remains to be identified in natural populations of
plants in the Violaceae. The estimated >9000 unique cyclotides
in this plant family represents an enormous wealth of peptide
diversity for potential use in crop protection, based on the
insecticidal activity of the prototypic cyclotides kalata B1
(Jennings et al., 2001) and B2 (Jennings et al., 2005). The
novel sequences indicate that nontrivial variations on cyclotide
sequences await discovery. The pattern of cyclotides po-
tentially common to multiple species of Australian Hybanthus
corresponded with previously described relationships derived
from morphological features. The low impact of field collection
and the simplicity of measuring cyclotide LC-MS profiles indicate
that they provide a convenient chemotaxonomic feature to assist
the classification of the Violaceae.

METHODS

Field Collection

Aerial plant material of nine species of Hybanthus (H. aurantiacus,
calycinus, debilissimus, enneaspermus, epacroides, floribundus [subsp
adpressus, curvifolius, and floribundus], monopetalus, stellarioides, and
vernonii subsp vernonii) was collected during active growth from various
locations throughout Australia directed by herbarium records. Samples of
50 to 200 mg were stored on ice in 3 mL of RNAlater solution (Ambion).
Additional dried material from H. aurantiacus, H. cymulosus, H. bilobus,
H. floribundus subsp chloroxanthus, and H. floribundus subsp “Hill River”
was obtained from previous herbarium collections due to the inaccessi-
bility of these populations. A larger sample (150 g) of H. floribundus subsp
floribundus was collected in Victoria from an extensive colony of this
robust species.



Extraction

Samples, including flowering or fruiting material (~20 to 50 mg) where
available, were frozen in liquid nitrogen and ground to a fine powder and
then extracted overnight into 2 mL of methanol:dichloromethane (50:50).
Next, 1 mL of water was added and the aqueous layer collected and then
another 1 mL of methanol was added for overnight extraction. The extract
was similarly diluted with 1 mL of water and separated the following day.
The resulting methanolic aqueous extract was freeze-dried and sub-
jected to reverse-phase chromatography on a Strata-X 33-uM polymeric
sorbent column (30 mg/mL; Phenomenex). Samples were loaded in 1 mL
of 20% acetonitrile/water with 0.1% formic acid to a preequilibrated
column, washed with 1 mL of the same solution, then eluted with 1 mL
of 90% acetonitrile with 0.1% formic acid and freeze-dried to give
a cyclotide-enriched fraction.

LC-MS Analysis

Peptide samples were dissolved in 50 pL of 25% acetonitrile/water with
0.1% formic acid. Analysis was performed on an HP Series 1100 LC/auto-
injector coupled to a Micromass LCT mass spectrometer (Waters) equipped
with an electrospray ionization source. Samples of 25 pL were subjected
to a gradient of 90% acetonitrile with 0.1% formic acid over 0.1%
aqueous formic acid (25 to 75% over 30 min at 0.3 mL/min) on a Grom
column (150 X 2 mm, 3 um, equipped with a security guard column, flow
rate 300 pwL/min). Mass spectra were acquired over a mass range of 800
to 1800 D with a capillary voltage of 3.5 kV and a cone voltage of 30 V.
Data were analyzed and processed using MassLynx software.

MS-MS Sequencing

The 150 g sample of H. floribundus subsp floribundus was homogenized
and extracted into dichloromethane:methanol following published pro-
cedures (Trabi et al., 2004). Individual peptides were isolated through
repeated reverse-phase HPLC using gradients of 90% acetonitrile:10%
water:0.5% trifluoroacetic acid against 100% water:0.5% trifluoroacetic
acid. Purified cyclotides were reduced at a ratio of ~6 nmol of peptide in
20 pL of 0.1 M NH4HCO3, pH 8.0, to 1 L of 0.1 M Tris-carboxyethylphosphine
at 65°C for 10 min. The reduction was confirmed by matrix-assisted laser
desorption ionization time of flight MS after desalting using ZipTip pu-
rification (Millipore), which involved several washing steps followed by
elution in 10 pL of 80% acetonitrile (0.5% formic acid). The desalted
samples were mixed in a 1:1 ratio with matrix consisting of a saturated
solution of a-cyano-4-hydroxycinnamic acid in 50% acetonitrile (0.5%
formic acid). Two hundred shots per spectrum were acquired in positive
ion reflector mode on a Voyager DE-STR mass spectrometer (Applied
Biosystems). The laser intensity was 1800, the accelerating voltage was
20,000 V, the grid voltage was 64% of the accelerating voltage, and the
delay time was 165 ns. The low mass gate was 500 D. Data were collected
between 500 and 5000 D. Calibration was undertaken using a peptide
mixture obtained from Sigma-Aldrich (MSCal1). The mixture contained
bradykinin, angiotensin, and insulin B chain.

Enzymatic Digestion and Nanospray MS-MS Sequencing

To the reduced peptide, trypsin, endoGlu-C, or both was added to give
a final peptide-to-enzyme ratio of 50:1. Trypsin and endoGlu-C digestions
were performed for 1 and 3 h, respectively, while in the combined
digestion, initial trypsin incubation for 1 h was followed by addition of
endoGlu-C for a further 3 h. The digestions were quenched by the
addition of an equal volume of 0.5% formic acid and desalted using
ZipTip technology (Millipore). Samples were stored at 4°C prior to
analysis. The digestion products were examined by matrix-assisted laser
desorption ionization time of flight MS followed by sequencing by
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nanospray MS-MS on a QStar mass spectrometer (Chen et al., 2005). A
capillary voltage of 900 V was applied, and spectra were acquired
between mass-to-charge ratios of 60 to 2000 for both time of flight
spectra and product ion spectra. The collision energy for peptide
fragmentation was varied between 10 and 50 V, depending on the size
and charge of the ion. The Analyst QS software program was used for
data acquisition and processing. The MS-MS spectra were examined and
sequenced based on the presence of both b- and y-series of ions present
(N- and C-terminal fragments). Chymotrypsin digests using the same
conditions as for trypsin were also conducted to confirm the results
obtained for each of the peptide sequences. Amino acid composition was
confirmed by amino acid analysis. The disulfide connectivity of Cysl-IV,
Cysll-V, and CysllI-VI was assumed based on homology with previously
reported cyclotides (Géransson and Craik, 2003).

RNA Extraction, RT-PCR, and Secondary Structure Prediction

Plant material stored in RNAlater solution was subjected to mRNA
isolation using the RNAqueous kit (Ambion). Single-stranded cDNA was
prepared from RNA using the OneStep RT-PCR kit (Qiagen), which also
facilitated amplification of partial clones by oligo(dT) and degenerate
forward primers (Proligo) designed from known cyclotide or cyclotide
precursor sequences. The primers used were as follows: 5-GGG-
CHGCHTTYGCHCTTCCHGC-3', coding for the peptide sequence
AAFALPA; 5'-CTNGGNAGYATHTCNTGYGG-3' (peptide sequence GSISC);
5'-GGGGATCCTGYGCNGARACNTG-3’ (peptide sequence CAETC);
5'-CGATCGATTGYGGIGARAGTTGYGT-3' (peptide sequence CGESCV);
5'-GGGGATCCTGYGGIGARACITG-3' (peptide sequence CGETC); and
5'-CGATCGATTGYGTITGGATHCCITG-3' (peptide sequence CVWIPC).
The resulting DNA fragments were excised from agarose gel and cloned
into the pCR 2.1-TOPO vector using the TOPO Cloning technology
(Invitrogen) for sequencing. The amino acid sequences corresponding to
the NTR of identified precursors were analyzed for secondary structure
using the PROFsec program at the PredictProtein server (Rost et al.,
2004) at http://www.predictprotein.org.

Accession Numbers

Sequence data from this article can be found in the UniProt Knowledge-
base under accession numbers P84647 to P84649 (Hyfl A to Hyfl C,
respectively) and in the GenBank/EMBL data libraries under accession
numbers DQ192575 to DQ192577 (Hyfl D to Hyfl F, respectively) and
DQ187926 to DQ187945 (Hyfl G to Hyep B, as listed in Table 1).

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Table 1. Peptide Masses and Retention Times.

Supplemental Table 2. Proregion in Cyclotide Precursors from
Violaceae.

Supplemental Figure 1. Aggregate Scatterplot Data for All Sampled
Australian Hybanthus.
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