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a b s t r a c t

Many plants of the Violaceae plant family have been used in traditional remedies, and these plants often
contain cyclotides, a particular type of plant cyclopeptide that is distinguished by a cyclic cystine knot
motif. In general, bioactive plant cyclopeptides are interesting candidates for drug development. In the
current study, a suite of 14 cyclotides, which includes seven novel cyclotides [vitri B, C, D, E, F, varv Hm,
and He], together with seven known cyclotides [varv A, D, E, F, H, vitri A, and cycloviolacin O2], was
eywords:
yclotides
iola tricolor
ytotoxic activity
itri B–F
arv Hm

isolated from Viola tricolor, a common flower. A chromatography-based method was used to isolate the
cyclotides, which were characterized using tandem mass spectrometry and NMR spectroscopy. Several
of the cyclotides showed cytotoxic activities against five cancer cell lines, U251, MDA-MB-231, A549,
DU145, and BEL-7402. Three cyclotides, vitri A, vitri F, and cycloviolacin O2, were the most cytotoxic. The
cytotoxic activity of the cyclotides did not correlate well with their hemolytic activity, indicating that
different interactions, most likely with membranes, are involved for cytotoxic and hemolytic activities.

e str
arv He Homology modeling of th

. Introduction

Plant cyclopeptides are a diverse group of molecules, comprising
ight structural types, including some of potential pharmaceuti-
al interest [47]. Cyclotides, the group of pharmaceutically active
lant cyclopeptides that are the focus of this study, are disulfide-
ich macrocyclic proteins comprising 28–37 amino acid residues
nd well-defined three-dimensional structures [39]. Apart from a
acrocyclic backbone, cyclotides are characterized by a cystine

not motif residing at their protein core, which is formed from
ix absolutely conserved Cys residues. The residues between suc-
essive Cys residues form backbone loops that project from this
onserved core and presumably contribute to the observed bioac-
ivities of cyclotides. The combination of a cyclic backbone and
cystine knot is termed the cyclic cystine knot (CCK) motif and
his motif underpins the remarkable stability and pharmaceutical
otential of cyclotides [13]. The key structural features of cyclotides
re shown in Fig. 1 for kalata B1 (kB1) [38], the first characterized
ember of the cyclotide family, as an example. In early studies of
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uctures was used in deriving structure–activity relationships.
© 2010 Elsevier Inc. All rights reserved.

cyclotides, isolation methods guided by mass spectrometry or bio-
assay were established [4,19]. More recently, molecular biological
methods also have been used to explore the diversity of cyclotide
sequences and to discover new cyclotide sequences [23,27,53]. So
far, more than 150 cyclotides have been isolated from approx-
imately 30 plants in the Violaceae and Rubiaceae families [50],
and are divided into two major subfamilies, Möbius and bracelet,
depending on the presence or absence, respectively, of a cis-Pro
peptide bond in loop 5 [10]. Cyclotides have a range of inter-
esting bioactivities, including uterotonic, anti-HIV, anti-fungal,
cytotoxic, anti-bacterial, nematocidal, molluscicidal, hemolytic,
neurotensin antagonistic, insecticidal, and trypsin inhibitory activ-
ities [6,12,14,37].

Viola tricolor L., a common horticultural plant, is a member of
the Violaceae plant family, has been used in traditional medicine
for heat-clearing, detoxification, and relieving coughs [43]. Fol-
lowing up on the reported medicinal properties of V. tricolor,
previous studies have mainly focused on the contribution of non-
peptidic compounds [21,34,51], such as flavonoids, to the observed
anti-inflammatory, anti-oxidant, and anti-bacterial activities of V.

tricolor extracts. In one study on the cytotoxicity of V. tricolor
extracts, three cyclotides were reported to have potent cytotoxic
activities [45]. As cyclotide-containing plants often express a large
mixture of cyclotides, it is of interest to study V. tricolor in more
detail to identify new cyclotides with cytotoxic activities. In the

dx.doi.org/10.1016/j.peptides.2010.05.004
http://www.sciencedirect.com/science/journal/01969781
http://www.elsevier.com/locate/peptides
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urrent study, 14 cyclotides from V. tricolor were isolated, and
haracterized by MS/MS and 2D NMR. The cyclotides were tested
or cytotoxic and hemolytic activities, and were analyzed for their
tructure–activity relationships by homology modeling of cyclotide
tructures.

. Materials and methods

.1. General experimental procedures

Column chromatography was performed over macroporous
esin (D 101, Tianjin Agrichemicals Co., China), polyamide (100–200
esh, Taizhou Sijiashenhua Plastic Co., China), reverse phase C18

40–63 �m, Merk, Germany), and Sephadex LH-20 (25–100 �m,
harmacia Fine Chemicals Co., Sweden). Thin layer chromatogra-
hy was performed on silica gel plates (Qingdao Marine Chemicals
o., China). The improved Coomassie brilliant blue G-250 reagent
as prepared as follows: 100 mg G-250 was dissolved in 20 mL

thanol, then added 20 mL phosphoric acid and 160 mL 50% ethanol.
he ninhydrin reagent was a 0.2% ethanol solution [50]. HPLC was
arried out on an Agilent 1100 series system with a UV detector
t variable wavelengths of 206, 215, 225, 254, and 280 nm. Masses
ere analyzed on a Micromass LCT mass spectrometer equipped
ith an electrospray ionization source. For MALDI-TOF mass spec-

rometry (MS) analysis, the instrument was a Voyager DE-STR mass
pectrometer (Applied Biosystems); 200 shots per spectra were
cquired in positive ion reflector mode. The laser intensity was set
o 2300, the accelerating voltage to 20,000 V, and the grid voltage
o 64% of the accelerating voltage; the delay time was 165 ns. The
ow mass gate was set to 500 Da. Data were collected between 500
nd 5000 Da. Calibration was undertaken using a peptide mixture
btained from Sigma–Aldrich (MSCal1). Nanospray MS/MS analysis
as conducted on a QStar mass spectrometer; a capillary voltage of

00 V was applied, and the spectra were acquired at m/z 300–2000
or TOF spectra and m/z 60–2000 for product ion spectra. The col-
ision energy for peptide fragmentation was varied between 10
nd 50 V, depending on the size and charge of the ion. The analyst
oftware program was used for data acquisition and processing.

.2. Plant and cell materials

V. tricolor was grown at the Kunming Botanical Garden in Kun-
ing as a seasonal ornamental, and was collected from the garden
hen it was out of season in April 2006. A voucher sample is held at

he KUN herbarium, Kunming Institute of Botany, Chinese Academy
f Sciences. Cancer cell lines, i.e. U251, MDA-MB-231, A549, DU145
nd BEL-7402, were purchased from the Cell Culture Center of Insti-
ute of Basic Medical Science, Chinese Academy of Medical Sciences,
eijing, China.

.3. Isolation and purification of cyclotides from V. tricolor

Dry whole herbs of V. tricolor (50 kg) were extracted by mac-
ration for 24 h with 100% ethanol twice at room temperature,
ollowed by extraction with ethanol/water (1:1, v/v) three times
47,52]. After the combined organic extracts were concentrated to
0 L (without ethanol), the liquid extract was partitioned, in turn,
etween H2O and petroleum ether, H2O and ethyl acetate, H2O and
-butanol (n-BuOH). The n-BuOH fraction was subjected to macro-
orous resin (D 101) column chromatography and eluted with

ncreasing amounts of ethanol (i.e. 30% ethanol, 70% ethanol, and

5% ethanol). The cyclotide-containing fraction was separated by
olyamide chromatography eluted with 20% ethanol, 50% ethanol
nd 80% ethanol, and by reverse phase C18 chromatography eluted
ith 40% ethanol, 70% ethanol and 95% ethanol, and finally by

el permeation on Sephadex LH-20 eluted with 70% ethanol. All
Fig. 1. Structure of kB1 (PDB ID: 1NB1). Cyclotides have a well-defined three-
dimensional structure, stabilized by a cystine knot and a cyclic peptide backbone.
Cyclotides have six loops and six Cys residues, labeled I–VI. �-Strands are indicated
with darkened arrows.

the separating steps were detected by TLC plates with 0.2% ninhy-
drin ethanol solution and improved Coomassie brilliant blue G-250
solution to choose cyclotide-containing fractions for further isola-
tion using the various column chromatography methods [52,54].
Final purification was achieved by HPLC on an Agilent 1100 series
system with a UV detector at variable wavelengths of 206, 215, 225,
254, and 280 nm.

2.4. Reduction of cyclotides and MALDI-MS analysis

To ca. 6 nmol of cyclotides in 20 �L of 0.1 M NH4HCO3 (pH 8.0),
1 �L of 0.1 mM tris(2-carboxyethyl) phosphine (TCEP) was added,
and the solution was incubated at 55 ◦C for 30 min. The reduction
was confirmed by MALDI-TOF MS after desalting using Ziptips (Mil-
lipore), which involved several washing steps followed by elution
in 10 �L of 80% CH3CN (0.5% HCO2H). The desalted samples were
mixed in a 1:1 ratio with matrix consisting of a saturated solu-
tion of �-cyano-4-hydroxcinnamic acid (CHCA) in 50% CH3CN (0.5%
HCO2H).

2.5. Enzymatic digestion and nanospray MS/MS sequencing

To the reduced cyclotides, a combination of endoGluC and
trypsin or a combination of endoGluC and chymotrypsin was added,
to give a final cyclotide-to-enzyme ratio of 50:1 and the mixture
was incubated at 37 ◦C for 3 h. The digestions were quenched by
the addition of an equal volume of 0.5% HCO2H and desalted using
Ziptips (Millipore). Samples were stored at 4 ◦C prior to analysis.
The fragments resulting from the digestions were first examined
by MALDI-TOF MS followed by nanospray MS/MS analysis on a
QStar mass spectrometer. MS/MS spectra were examined and used
to sequence the cyclotides based on b- and y-series of ions present
(N- and C-terminal fragments).

2.6. NMR sample analysis
Cyclotides were dissolved in 500 �L 90% H2O/10% D2O to a con-
centration of 1 mM at pH 3. Spectra were recorded on a Bruker
Avance 500 or 600 MHz spectrometers at a sample temperature of
298 K. For resonance assignment a set of two-dimensional spectra,
including TOCSY, with a mixing period of 80 ms, and NOESY with a
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ixing time of 200 ms, were recorded. All two-dimensional spec-
ra were collected over 4096 data points in the f2 dimension and
12 increments in the f1 dimension. Spectra were processed using
OPSIN (Bruker), and analyzed with Sparky 3.14. Chemical shifts
ere referenced to water at 4.75 ppm.

.7. Homology modeling of cyclotides

The sequences of cyclotides were determined using mass
pectrometry and two-dimensional NMR. Their structures were
odeled on template structures, according to the results of search-

ng the Protein Data Bank using the Build module of Modeller 9v5
15]. The homology modeling of the cyclotides involved three main
teps as follows.

.7.1. Homology modeling
Template sequences were chosen from the Protein Data Bank

PDB) by searching for homologous sequences of the V. tricolor
yclotides in the PDB using the Composer package of Modeller 9v5.
he structures of varv H, Hm, and He were aligned on kalata B2
PDB ID: 1PT4); the structures of varv A, D, E, vitri B, C and E were
ligned on kalata B1 (PDB ID: 1NB1); the structures of vitri A, vitri
, and cO2 were aligned on vhr1 (PDB ID: 1VB8); the structure of
itri D was aligned on varv F (PDB ID: 2K7G). The 3D structures of
he cyclotides were built according to the alignment of sequences
sing the Build package of Modeller 9v5.

.7.2. Optimizing for structural models
The 3D structures of cyclotides were selected according to the

cores of Modeller and further optimized by Amber 10 using the
F03 force field. Hydrogen atoms were added by the xLEaP mod-
le of Amber10 and each system was solvated by adding a spherical
IP3P water grid of radius 12 Å. 2000 cycle minimizations were per-
ormed, including 1000 of steepest descent and 1000 of conjugate
radient energy minimizations based on 10.0 kcal/mol Å restraints.
imilar energy minimizations were done except the restraints were
et to 0.0 kcal/mol Å2 [3].

.7.3. Analysis for structures
Electrostatic potential and hydrophobicity surface of optimized

tructures of cyclotides were generated by the MolCAD package of
ybyl 7.3 [2].

.8. Hemolytic assay

Cyclotides were dissolved in water and serially diluted in
hosphate-buffered saline (PBS) to give 20 �L test solutions in a 96-
ell U-bottomed microtiter plate (Nunc). Human type O red blood

ells (RBCs) were washed with PBS and centrifuged at 4000 rpm
or 60 s in a microcentrifuge several times until a clear supernatant
as obtained. A 0.25% suspension of washed RBCs in a PBS was

dded (1000 �L) to the cyclotides solutions. The plate was incu-
ated at 37 ◦C for 1 h and centrifuged at 150 × g for 5 min. Aliquots
f 100 �L were transferred to a 96-well flat-bottomed microtiter
late (Falcon), and the absorbance was measured at 415 nm with
n automatic Multiskan Ascent Plate Reader (Labsystems). The level
f hemolysis was calculated as the percentage of maximum lysis
1% Triton X-100 control) after adjusting for minimum lysis (PBS
ontrol). Synthetic melittin (Sigma) was used for comparison.

.9. Cytotoxic assay
The sulforhodamine B (SRB) assay has been adopted for a quan-
itative measurement of cell growth and viability [20]. Cells were
ultured in RPMI 1640 medium (Sigma). Aliquots of 90 �L were
eeded in 96-well flat-bottomed microtiter plates (Greiner) with
(2010) 1434–1440

3.3–7.7 × 104 cells/mL. Twenty-four hours later, 10 �L cyclotides,
dissolved in DMSO and diluted with the medium, were added to
the well with a final concentration of 10 �g/mL. After incubation at
37 ◦C and 5% CO2 for another 48 h, cells were fixed by the addition of
50% ice-cold trichloroacetic acid and left at 4 ◦C for 1 h. After wash-
ing, air-drying, and staining for 15 min with 100 �L 0.4% SRB in 1%
glacial acetic acid, excessive dye was removed by washing with 1%
glacial acetic acid. After plates were air-dried, SRB was resuspended
in 100 �L 10 mM Tris buffer, and the absorbance was measured at
560 nm with a Plate Reader (Molecular Devices, SPECTRA MAX 340).
Cell growth inhibition was expressed as IC50 values (50% inhibitory
concentration), which were calculated by dose–response curves
with serial 5-fold cyclotides dilutions. Taxol, clinically used as an
anti-cancer natural drug, was used as a positive control.

3. Results

3.1. Cyclotide isolation

To isolate cyclotides from V. tricolor, we modified a published
approach that has been used to extract and isolate polypeptides
from plants [4], and used the thin layer chromatography (TLC)
detection method that we have developed specifically for cyclotide
detection from crude plant extracts with improved Coomassie
brilliant blue G-250 solution [52]. The extractions yielded 14
cyclotides.

3.2. Structural characterization

The cyclotides from V. tricolor were characterized by MS/MS
and 2D NMR. One of the cyclotides exhibited a [M+2H]2+ ion
peak at m/z 1483.752+ in the positive ESI MS, corresponding
to a [M+H]+ ion peak at m/z 2966.50+. Reduction of this pep-
tide with tris (2-carboxyethyl) phosphine (TCEP) resulted in an
increase in molecular weight of 6 Da, consistent with the pres-
ence of three disulfide bonds. Treatment of the reduced peptide
with trypsin/endoGluC produced two fragments of 2207 and
2990 Da. The 2990 Da fragment, 24 Da higher than the wild-type
molecular weight, is consistent with the presence of three disul-
fide bonds and the addition of one H2O, which suggests that
the peptide is cyclic with three disulfide bonds. Treatment of
the reduced peptide with chymotrypsin/endoGluC produced frag-
ments of 1259, 1749, and 2990 Da. The 2207, 2990, 1259 and
1749 Da fragments were analyzed, and their sequences were
elucidated as TCVGGTCNTPGCFCTWPVCTR, NGLPICGETCVGGTC-
NTPGCFCTWPVCTR, TCVGGTCNTPGCF, and CTWPVCTRNGLPICGE,
respectively. Analysis of the TOCSY and NOESY spectra of the
peptide indicated connectivities between spin systems consis-
tent with the sequences VCTRNGL, ICGETCVGGTCNT, and GCFCT.
The peptide sequence was determined by overlapping the afore-
mentioned peptides from 2D NMR and MS/MS, and comparing
these to published cyclotides documented within Cybase [50].
From these processes, the sequence was found to be cyclo-
(GLPIICGETIICVGGTIIICNTPGIVCFVCTWPVVICTRN), a new cyclotide
named vitri C.

The other 13 cyclotides were characterized using a similar pro-
cess to vitri C, and were confirmed as new cyclotides vitri B, D, E,
F, varv Hm, He, and known cyclotides varv A, D, E, F, H, vitri A and
cO2 [18,32,45], respectively. Their sequences, together with some
molecular characteristics, are shown in Fig. 2. Based on the pres-

ence or absence of a putative cis-Pro residue in loop 5, the above
cyclotides can be classified into two subfamilies, i.e. vitri B, C, D, E,
varv Hm, He, H, A, D, E and F belonging to the Möbius subfamily,
and vitri A, F and cO2 belonging to the bracelet subfamily. In addi-
tion to containing six absolutely conserved cysteine residues, both
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ig. 2. The primary structures and basic characteristics of cyclotides from V. tricolo
he others are known cyclotides. Three of the cyclotides (vitri A, vitri F and cO2) ar

he Möbius and bracelet subfamilies, have a consensus sequence of
ly-Glu-Thr/Ser in loop 1, and Ser/Thr in loop 4. The new peptides

solated in the current study conform to these consensus patterns,
ith the exception of vitri C and F which are the first two cyclotides

o be found with a Phe and an Ala in loop 4, respectively.

.3. Hemolytic activity

Nine of the isolated cyclotides were tested for hemolytic activity
n human type O red blood cells (RBCs), and the results are shown
n Fig. 3. The well-known hemolytic peptide melittin was used as a
ositive control. The results revealed that the cyclotides have vary-

ng levels of hemolytic activity, with HD50 values ranging from 4.29
o 225.90 �M. vitri B showed the least hemolysis, and vitri D was
he most potent.

.4. Cytotoxic activity

All cyclotides were tested for cancer cell toxicity against five
uman cancer cell lines: U251, MDA-MB-231, A549, DU145 and
EL-7402. We chose these cell lines in assays because they are
rom five different cancers. Table 1 summarizes the results, which
evealed that several of the cyclotides are active against cancer cells.
he most potent cyclotides, which are vitri A, F and cO2, which are
ll bracelet cyclotides and have IC50 values of 2.74–17.05 �g/mL

ig. 3. Hemolytic activity of cyclotides from V. tricolor. Hemolytic activities of vitri
–F, varv E, F, H, and melittin were measured for human type O red blood cells.
he HD50 values were calculated using Prism software to be 8.91 �M for vitri A,
25.90 �M for vitri B, 11.53 �M for vitri C, 4.29 �M for vitri D, 27.06 �M for vitri E,
0.00 �M for vitri F, 6.96 �M for varv E, 33.04 �M for varv F, 7.52 �M for varv H, and
.93 �M for melittin. Melittin is a well-known hemolytic agent that was used as a
ositive control and gave an activity consistent with literature values.
first seven cyclotides in the list are novel and are reported for the first time here.
the bracelet subfamily and the others are Möbius cyclotides.

against all tested cell lines. The IC50 values of the Möbius cyclotides
against U 251 vary from 37.18 to 74.39 �g/mL.

3.5. Homology modeling of cyclotide structures

The structures of all cyclotides were built by Modeller 9v5,
optimized by Amber 10, and analyzed by Sybyl 7.3 (Fig. 4). In
comparison with other reported cyclotides, these cyclotides show
characteristic clustering of hydrophobic and hydrophilic residues,
but the distributions of these clusters show some differences. The
highly hydrophobic patches on the molecular surfaces (brown
areas) are formed by Val in loop 2, Trp and Pro in loop 5 in the
Möbius cyclotides (vitri B, C, D, E, varv Hm, He, H, A, D, E and F), but
by Val, Trp, Ile and Pro in loop 2 in the bracelet cyclotides (vitri A,
F and cO2). Trp is at the center of the hydrophobic patches in both
subfamilies. The distribution of the highly hydrophobic residues
is concentrated for the bracelet cyclotides, but dispersed for the
Möbius cyclotides.

4. Discussion

Plants often contain various types of components, which makes

it difficult to guide isolating cyclotides from them. In this work, we
adopted an improved Coomassie brilliant blue G-250 solution and
0.2% ninhydrin ethanol solution to guide cyclotide detection in the
early stages of the isolation procedure to eliminate non-cyclotides,
instead of a dependence on mass spectrometry or bio-assay as

Table 1
Cancer cell toxicity of cyclotides from V. tricolor.

Cyclotides IC50 (�g/mL)

U251 MDA-MB-231 A549 DU145 BEL-7402

vitri B 45.21 >10 >10 >10 >10
vitri C 46.96 >10 >10 >10 >10
vitri D 51.65 >10 >10 >10 >10
vitri E 54.39 >10 >10 >10 >10
vitri F 6.31 2.74 3.58 3.44 5.36
varv Hm 74.39 >10 >10 >10 >10
varv He 55.43 >10 >10 >10 >10
varv H 44.70 >10 >10 >10 >10
varv A 37.18 >10 >10 >10 >10
varv D 46.62 >10 >10 >10 >10
varv E 38.84 >10 >10 >10 >10
varv F 44.49 >10 >10 >10 >10
vitri A 6.03 3.69 3.90 3.07 4.94
cO2 17.05 4.81 5.99 5.08 6.07
taxol 0.008 3.14a 0.02 0.05 0.058

a 10-Hydroxycamptothecin was used as the positive control.
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For interpretation of the references to color in this figure legend, the reader is refe

pplied in previous studies. This new method is adaptable to a large
mount of material and is convenient for laboratories without mass
pectrometry or bio-assay facilities.

The experimentally derived sequences were compared with a
atabase of cyclic proteins, CyBase, which currently contains >150
aturally occurring cyclotides and seven novel sequences were

dentified [50]. The novel cyclotide sequences from V. tricolor indi-
ate that there are localized regions of conservation. The most
onserved residues include the six Cys residues, the Glu in loop
, and an Asn/Asp in loop 6. The six conserved Cys residues are
equired to form the landmark cystine knot of the cyclotides, which

n combination with the cyclic backbone underpins their excep-
ional stability [5]. The Glu in loop 1 is also highly conserved across

embers of the cyclotide family, with only one known instance of
ts substitution (to an Asp) reported so far [36]. This Glu residue is
elieved to participate in a conserved hydrogen bond network that
re shaded brown, moderate hydrophobic areas are shaded green, and hydrophilic
nother. Known cyclotides are shown on the left and novel cyclotides on the right.

the web version of the article.)

stabilizes the cyclotide fold [1,9,11,17,38]. More recently, the Glu
has also been shown to be critical for cyclotide bioactivity, where
modification of the Glu of two different cyclotides, either through
methylation in cO2 or substitution to an Ala in kB1 [17,24,42],
resulted in significant loss of activity compared to the unmodi-
fied parent cyclotide. The importance of this Glu in both structure
and function is reinforced by its conservation in the new cyclotide
sequences reported here. The Asn/Asp in loop 6 has been impli-
cated in the biosynthetic pathway of the cyclotides and is situated
at the C-terminal cyclization point of cyclotide precursor proteins
[16,28,29,35,40].
Aside from these localized regions of conservation, cyclotide
sequences show considerable variation, which is one reason why
the cyclotide scaffold may be used to stabilize various linear epi-
topes through rational drug design [8,14]. Novel inter-cysteine loop
sequences are present in vitri B–F, varv Hm and He, including loop 4
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nd loop 6 sequences, but in general the inter-cysteine loops in the
ew peptides reported here have been observed in cyclotides pre-
iously characterized, and are rearranged to form novel cyclotide
equences. Interestingly, we were able to isolate two sequences,
hich were similar to varv H but contained either a methylated

r ethylated carboxyl group of Glu22. Methylation or ethylation of
he Glu side-chain, which probably occurred during the extraction
rocedure [30], means that Glu22 is uncharged at physiological con-
itions. It is not clear at this stage why the glutamic acid in loop 1
as not modified but further structural studies may provide clues

o this answer.
A number of cyclotides have been reported to have hemolytic

ctivity [27,46,49], and they are believed to interact with
embranes in vivo [26,31,42,48]. In order to compare the
embrane-disrupting activity of the cyclotides from V. tricolor
ith previously reported cyclotides [41,45], hemolytic assays were
erformed, and the results are shown in Fig. 3. The well known
emolytic peptide melittin was used as a positive control. Compar-

son of the novel cyclotides with those previously characterized
rom V. tricolor, reveals the cyclotides have varying levels of
emolytic activity, with vitri A showing the least hemolysis and
itri D being the most potent. Hydrophobicity of cyclotides has
reviously been shown to be important for hemolytic activity, as
ricyclon A [35], a hybrid of the Möbius and the bracelet subfamilies,
as the least hemolytic activity of all cyclotides tested up to now.
owever, the current study has shown that hydrophobicity is not

he sole determinant of hemolytic activity, similar to the finding
rom alanine scanning mutagenesis of kB1 [42]. For instance, the
east potent and most potent peptides in this study, vitri B and vitri
, respectively, are not the least hydrophobic or most hydrophobic,

espectively. It is interesting to speculate that the lack of hemolytic
ctivity of vitri B may be related to the lack of a basic residue in
oop 6. Although mutational analysis is required to confirm the role
f this charged residue, alanine scanning mutagenesis of kB1 [42]
as shown that hemolytic activity is significantly decreased when
he Arg residue in loop 6 is replaced with an alanine residue. Fur-
hermore, cycloviolacin Y1 [49], another cyclotide with no basic
mino acid residue in loop 6, has a low level of hemolytic activity.
iven that kB1 and vitri B have 82% sequence identity it is likely

hat the substitution of the Arg for a Thr has a substantial influ-
nce on hemolytic activity. The basic amino acid residue in loop 6
s not only related to hemolytic activity, but also related to cytotoxic
nd nematocidal activity [25,44]. Interestingly this residue does not
ffect insecticidal activity [42]. Mutagenesis studies have not yet
een done to follow up on the reported antimicrobial activity of
yclotides [46].

Various cyclotides have been shown to demonstrate cancer
ell toxicity [23,24,32,44,45]. Therefore we tested the cyclotides
rom V. tricolor for cancer cell toxicity against five human can-
er cell lines: U251, MDA-MB-231, A549, DU145, and BEL-7402.
he clinically used natural product anti-cancer drug taxol was
sed as a positive control. Table 1 summarizes the results from
hese assays and reveals that several of the cyclotides from V. tri-
olor are active against cancer cells. Of the cyclotides tested in
his study, the most potent cyclotides, which were vitri A, F, and
O2, are bracelet cyclotides and have similar IC50 values across
he five cell lines tested. The values of the Möbius cyclotides vary
rom 37.18 to 74.39 �g/mL, about 10-fold higher than that of the
racelet cyclotides. Although the bracelet and the Möbius sub-
amilies have a similar ratio of hydrophobic amino acid residues
n their sequences, the hydrophobic amino acid residues in the
öbius are more dispersed on the surfaces, compared to the
racelet subfamily. Therefore it may be that the placement of highly
ydrophobic residues is important in determining the cytotoxicity
f these cyclotides. Consistent with this suggestion, specific faces of
yclotides have previously been shown to interact with membranes
(2010) 1434–1440 1439

[42]. Interestingly, varv Hm and varv He, which are methylated and
ethylated derivatives of varv H, respectively, are less cytotoxic com-
pared to varv H, suggesting that the surface charge of cyclotides is
important for their activity. This finding is in agreement with a pre-
vious study showing that methylation of the carboxyl group of the
Glu6 in cO2 produced a 48-fold decrease in cytotoxicity [24].

For completeness we note that cyclotides are just one class
of natural proteins that have been reported to have anti-cancer,
anti-HIV or hemolytic activities. For example nebrodeolysin from
the mushroom Pleurotus nebrodensis is a hemolytic protein with
apoptosis-inducing and anti-HIV effects [33]. However, cyclotides
are typically smaller than most natural proteins such as nebrode-
olysin and their exceptional stability makes them particularly
suitable as templates in drug design and agricultural applications
[7,22].

In a summary, using improved isolation and detecting meth-
ods, we have shown that V. tricolor contains a suite of cyclotides,
seven of which are new ones, i.e. vitri B–F, varv Hm, and He. Sev-
eral cyclotides purified from V. tricolor exhibit potent cytotoxicity.
Although hydrophobicity has previously been shown to correlate
with hemolytic activity, the larger number of peptides tested in
the current study suggests that overall hydrophobicity alone is
not a predictor of hemolytic activity. The distribution of highly
hydrophobic residues on the surface also appears to play a role
in determining cytotoxicity. Overall, the trends in hemolytic and
cytotoxic activity reported here have highlighted the complexity
of the activity of cyclotides, which is most likely related to binding
to membranes.
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