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Cycloviolacin H4, a new macrocyclic miniprotein comprising 30 amino acid residues, was isolated from the underground
parts of the Australian native violetViola hederaceae. Its sequence, cyclo-(CAESCVWIPCTVTALLGCSCSNNVC-
YNGIP), was determined by nanospray tandem mass spectrometry and quantitative amino acid analysis. A knotted
disulfide arrangement, which was designated as a cyclic cystine knot motif and characteristic to all known cyclotides,
is proposed for stabilizing the molecular structure and folding. The cyclotide is classified in the bracelet subfamily of
cyclotides due to the absence of acis-Pro peptide bond in the circular peptide backbone. A model of its three-dimensional
structure was derived based on the template of the homologous cyclotide vhr1 (Trabi et al.Plant Cell 2004, 16,
2204-2216). Cycloviolacin H4 exhibits the most potent hemolytic activity in cyclotides reported so far, and this activity
correlates with the size of a surface-exposed hydrophobic patch. This work has thus provided insight into the factors
that modulate the cytotoxic properties of cyclotides.

Cyclotides are a recently discovered large family of macrocyclic
knotted proteins that have the unique characteristics of three knotted
disulfide bonds and a head-to-tail cyclized backbone and show ex-
ceptional resistance against chemical, thermal, and proteolytic degra-
dation.1 They are miniproteins, about 28-37 amino acid residues
in length, but have well-defined secondary structures and adopt a
compact three-dimensional fold in the same way as large proteins
normally do.2-7 The cyclotides display a diverse range of biological
activities, including uterotonic,8 HIV inhibitory,7,9,10antimicrobial,11

cytotoxic,12 neurotensin antagonistic,13 hemolytic,14 trypsin inhibi-
tory,15 and insecticidal activities.16,17 In addition to antimicrobial
activity, some cyclotides such as kalata B1 and B2 have been shown
to inhibit the growth and development ofHelicoVerpa punctigera
andH. armigeralarvae, suggesting that they play important roles
in plant defense.16,17This is supported by the recent finding of the
up-regulation of cyclotide-like genes following fungal infection in
maize.18 These diverse bioactivities, together with their unique
structural features, make the cyclotides important in terms of
potential agrochemical or pharmaceutical applications.

Cyclotides are present in plants from the Rubiaceae, Violaceae,
and Cucurbitaceae families, of which the Violaceae is unique in
that the cyclotides are present in all species of this family
investigated so far and are extraordinarily abundant in the genus
Viola.19,20 The genusViola consists of 500 species worldwide, of
which V. hederaceaeis native to Australia and known as the
“Australian violet”. Recent studies resulted in the discovery that
more than 60 different cyclotides are expressed in this plant; the
amino acid sequence of six new cyclotides and the solution
structures of two tissue-specific cyclotides were determined.6,7,21

Vhl-1, one of the leaf-specific cyclotides, showed anti-HIV activity,
making it an attractive molecular template to design more potent
analogues for medical applications.7 In the current study, we report
the results of investigation of a new cyclotide, distinguished by its
highly hydrophobic nature, from this plant. Cycloviolacin H4 is
unique in being the only cyclotide discovered so far that does not
contain any positively charged residues.

Results and Discussion
In our previous studies, six new cyclotides were isolated from

different parts ofV. hederaceaeand their sequences characterized

as shown in Table 1. We observed that cyclotide expression patterns
varied in different parts of the plant and that some cyclotides, such
as kalata B1, are present in all plant parts, while others are tissue-
specifically expressed. In this study, we focused on characterization
of the most hydrophobic cyclotide, designated as cycloviolacin H4,
which is present only in underground parts of the plant, including
roots, bulbs, and underground runners. We separated these three
parts ofV. hederaceaefrom others, homogenized the plant material
in MeOH, and extracted overnight in a mixture of MeOH/CH2Cl2
(1:1). The procedure included the addition of H2O to remove the
CH2Cl2 layer from the MeOH/H2O fraction, evaporation of MeOH
from the solution under reduced pressure, fractionation using a C18
flash column, and further separation and purification of crude
cyclotides by using RP-HPLC columns. Figure 1 shows the HPLC
profiles of the crude cyclotides of the plant material and the purified
cycloviolacin H4. The yield of the cyclotide was∼60 µg/kg fresh
plant material.

We employed a method summarized as Method A in Figure 2,
which proved to be efficient in sequencing other cyclotides, to
characterize the amino acid sequence of the new hydrophobic
cyclotide. The native peptide was reduced by TCEP, with the
reduction of the cyclotide confirmed by the presence of peaks at
m/z 1034.73+ and 776.34+, which correspond to a molecular mass
of 3101 Da. The failure of the reduced peptide to be digested by
trypsin indicated that it does not contain any basic amino acids
such as Arg or Lys residues, which is unusual because at least one
of these two residues exists in all known cyclotides.21 Amino acid
analysis (Table 2) of the cyclotide confirmed this conclusion.
Enzymatic digestion of the reduced peptide with a combination of
trypsin and EndoGluC gave rise to peaks atm/z 1040.73+ and
780.84+, corresponding to a linear derivative with a molecular mass
of 3119 Da due to the addition of a H2O molecule (18 Da) across
a peptide bond in the reduced peptide, suggesting the presence of
one glutamic acid residue in the primary structure.

The EndoGluC digested linear peptide was difficult to analyze
because it was too large to allow complete sequence determination
by tandem mass spectrometry (MS/MS) fragmentation. Therefore,
another strategy called “loop sequencing”19 as shown in Figure 2,
Method C, was used to determine the primary structure of the
cyclotide. After reduction by DTT, the reduced peptide was
subjected to bromoethylamine alkylation. Each reduced and S-
aminoethylated cysteine causes an increment of molecular mass of
44 Da. MS analysis of the native (3095 Da), the reduced (3101
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Da), and the S-aminoethylated peptide (3359 Da) indicated that
six cysteines are present in three intramolecular disulfide bonds.
The S-aminoethylated cyclotide was isolated and purified to
homogeneity by RP-HPLC (as shown in Figure 1C), which was
cleaved by trypsin to yield a mixture of fragments shown in Figure
2. These fragments were then subjected to MS/MS fragmentation
to allow its primary structure to be partially determined.

Fragment 1 was chosen as an example to illustrate this process,
as shown in Figure 3. Complete sets of b- and y-ions were observed,
allowing unambiguous determination of the sequence as VWIPC*,
where the asterisk indicates that the cysteine is alkylated. The mass
difference between the y4 and y3 ions is 186 Da, indicating the
presence of a tryptophan residue. Amino acid analysis does not
detect the presence of tryptophan or cysteine residues, as they are
degraded during the procedure. Twenty-three amino acid residues
were detected by amino acid analysis and combined with the six
Cys and single Trp give a total of 30 residues. The trypsin digest
of the aminoethylated peptide resulted in three major fragments:
VWIPC*, TVTALLGC*, and SNNVC*YNGIPC*AESC* covering
28 of the possible 30 residues of the peptide. The remaining two
residues from the highly conserved loop 4 of the cyclotide are
postulated to be SC*, which fits with both the amino acid analysis
data and the mass of the cyclotide. The complete list of sequence
ions used to determine the sequence of cycloviolacin H4 is given
in Table 3.

The loop sequencing approach was supplemented by an alterna-
tive method of cleaving the peptide backbone at multiple points.
Thermolysin digestion of the TCEP reduced peptide was thus
undertaken, as shown in Figure 2, Method B, to confirm the
sequence as determined by trypsin digestion of the aminoethylated
peptide. Fragment 6, together with fragment 3 and the two residues
SC deduced from the highly conserved loop 4 of known cyclotides,
unambiguously demonstrated the primary structure of cycloviolacin
H4 to be cyclo-SNNVCYNGIPCAESCVWIPCTVTALLGCSC.
Amino acid analysis of the peptide showed the presence of two
Leu and two Ile residues within the sequence. MS/MS analysis
could not distinguish between these two isobaric residues. The
positions of these residues within the primary structure were initially
proposed by sequence homology within the bracelet subfamily. A
chymotrypsin digest (which cleaves after Leu but not Ile) was then
undertaken, producing the fragments GCSCSNNVCY and LGC-
SCSNNVCY, thus confirming the position of these residues. Despite

the fact that it is the first example not to contain any basic amino
acids, comparison of the sequence with those of known cyclotides
indicated that the peptide shows high homology with them,
especially with the root-derived cyclotide vhr1.6 Cycloviolacin H4
displays only one residue difference in loop 5 from vhr1, which is
marked as peak 1 in Figure 1A and was characterized recently, as
shown in Table 1.6 The disulfide connectivity pattern was thus
proposed as shown in Figure 2 as a knotted arrangement shared by
all known cyclotides. The new cyclotide falls within the bracelet
subfamily on the basis of the absence of acis-Pro peptide bond in
loop 5 in the circular peptide backbone.

The peptide was tested for biological activity and exhibits the
most potent hemolytic activity in cyclotides screened so far, as
shown in Figure 4. The known hemolytic peptide melittin was used
as a positive control and for comparison of the absolute levels of
hemolysis under the conditions studied.22 To understand the basis
for the highly hemolytic nature of cycloviolacin H4, a three-
dimensional model was constructed. The high sequence identity
between the root-derived cyclotide vhr1 (PDB ID 1VB8)6 and
cycloviolacin H4 indicated that vhr1 is the most appropriate
template for the homology modeling of the hydrophobic cyclotide.
Ramachandran plot analysis using PROCHECK23 reveals that 88%
of the residues of the selected model molecule lie in the most
favored regions, 12% lie in the additionally allowed regions, and
none lie in the disallowed regions. The secondary structures
visualized using MOLMOL24 showed an antiparallelâ-sheet linked
by a turn and a short helix, which are in agreement with the reported
structural data of vhr1.6

It appears that the membrane-disrupting activity of cyclotides
on human erythrocytes is strongly correlated to their hydrophobicity.
Figure 5 compares the surface representation of cycloviolacin H4
against three other cyclotides that possess varying hemolytic
activities. Kalata B1, a prototypic Mo¨bius cyclotide, and circulin
A, a prototypic bracelet cyclotide, display lower hemolytic activi-
ties11 than cycloviolacin H4, while tricyclon A25 has the lowest
hemolytic activity in naturally occurring cyclotides discovered so
far. Figure 5 shows that cycloviolacin H4 has the most hydrophobic
surface with 67.8% of its total surface area being hydrophobic
(Table 4) and only 1.6% being charged. On the other hand, tricyclon
A is the most hydrophilic, with charged and polar residues
accounting for 42.4% of its surface area. Several studies have
suggested that peptide-lipid interactions leading to membrane

Table 1. Cyclotides Characterized inV. hederaceaea

a Conserved cysteine residues are boxed and presented in bold. All masses are provided as mono-isotopic mass.
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permeation play an important role in the activities of bioactive
peptides.26 The hydrophobic properties of cyclotides allow them
to effectively approach target membranes and facilitate their
interactions with lipids. The discovery of the highly hydrophobic
cyclotide reported here should facilitate an understanding of the
mechanisms of membrane disruption of cyclotides.

Cyclotides have been proposed as potential templates onto which
pharmaceutically important peptide epitopes could be grafted.27

From a clinical perspective hemolytic activity in human patients is
of course an undesirable property. Therefore knowledge of the
factors that modulate this activity will be important in choosing
the best cyclotide analogue for such grafting studies.

Experimental Section

General Experimental Procedures.HPLC was carried out on an
Agilent 1100 series system with a UV detector at variable wavelengths
215, 254, and 280 nm. Masses were analyzed on a Micromass LCT
mass spectrometer equipped with an electrospray ionization source. For
MALDI-TOF-MS analysis, the instrument used was a Voyager DE-
STR mass spectrometer (Applied Biosystems); 200 shots per spectra
were acquired in positive ion reflector mode. The laser intensity was
set to 2300, the accelerating voltage to 20 000 V, and the grid voltage
to 64% of the accelerating voltage; the delay time was 165 ns. The
low mass gate was set to 500 Da. Data were collected between 500

and 5000 Da. Calibration was undertaken using a peptide mixture
obtained from Sigma Aldrich (MSCal1). Nanospray MS/MS analysis
was conducted on a QStar mass spectrometer, a capillary voltage of
900 V was applied, and spectra were acquired betweenm/z 60-2000
for both TOF 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 software program was used
for data acquisition and processing.

Plant Material. Fresh whole plant ofV. hederaceaewas collected
at University of Queensland in Brisbane, Australia, in May 2005, and
roots, bulbs, and below-ground runners were separated from other parts
of the plant. The sample was authenticated by D. Craik based on a
previous study.7 A voucher sample is held at the Institute for Molecular
Bioscience, University of Queensland.

Figure 1. Purification of cycloviolacin H4. (A) RP-HPLC profile
of crude cyclotide extracts from below-ground runners, bulbs, and
roots ofV. hederaceae. 5 mg/mL solutions of crude cyclotides from
the three plant parts were analyzed on an analytical C-18 Grom
column (150× 2 mm, 3µm; flow rate: 300µL/min) with a linear
acetonitrile gradient (10 to 80%) of buffer B (90% acetonitrile,
0.05% TFA) in 40 min. (B and C) The purity of cycloviolacin H4
and its S-aminoethylated derivative was assessed by RP-HPLC on
the same C-18 column using the same method.

Figure 2. Methods used for amino acid sequence analysis.
Sequencing Method A: cycloviolacin H4 was reduced by TCEP
and subject to enzymatic digestion by trypsin or a combination of
trypsin and EndoGluC. Sequencing Method B: cycloviolacin H4
was reduced by TCEP and subject to enzymatic digestion with
thermolysin without alkylation. Sequencing Method C: the native
peptide was reduced by DTT and alkylated by bromoethylamine,
then digested by trypsin.

Table 2. Amino Acid Composition Analysis of Cycloviolacin
H4

residues/mol

amino acid mole % experimentala theoretical

Asp+Asn 15.7 3.3 3
Ser 11.8 2.4b 3
Glu+Gln 5.7 1.2 1
Gly 8.6 1.8 2
His not detected 0
Arg not detected 0
Thr 8.4 1.7 2
Ala 9.3 1.9 2
Pro 8.2 1.7 2
Tyr 4.7 1.0 1
Val 10.3 2.1b 3
Met not detected 0
Lys not detected 0
Iso 8.3 1.7 2
Leu 9.0 1.9 2
Phe not detected 0
Cys NDc ND 6
Trp ND ND 1

a Normalized to an average value (A, D, E, G, L, N, and Q) of∼4.83
mol %/residue.b Ser and Val residues are well known to be underes-
timated in amino acid analyses because of degradation processes.29

c ND: Not determined.
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Isolation and Purification of Cycloviolacin H4. Fresh plant material
was homogenized using a blender (Moulinex) and extracted with
CH2Cl2/MeOH (1:1) overnight. Plant debris was removed using a cotton
plug. The filtrate was repeatedly partitioned with CH2Cl2 and H2O.
The organic soluble fraction was discarded, and the MeOH/H2O layer
was concentrated on a rotary evaporator prior to lyophilization (Bu¨cchi).
Then the mixture was diluted with distilled H2O to a final MeOH
concentration< 20% and lyophilized on a freeze-drier (Speedvac). The
dried material was redissolved in a minimal amount of buffer A (0.05%
TFA prepared in distilled H2O). The solution was then passed through
a filter by using a solid-phase filter (Sartorius) before purification using
a preparative Phenomenex Jupiter C18 column (250× 22 mm, 5µm,
300 Å). Gradients of buffer A (0.05% aqueous TFA) and buffer B (90%
CH3CN, 0.05% TFA) were employed with a flow rate of 8 mL/min
and a gradient of 1% buffer B per minute. Further purification was

performed using semipreparative RP-HPLC on a Phenomenex Jupiter
C18 column (250× 10 mm, 5µm, 300 Å) and using an analytical
Phenomenex Jupiter C18 column (250× 4.6 mm, 5µm, 300 Å). The
final purity was examined with analytical RP-HPLC on a Grom column
(150× 2 mm, 3µm, equipped with a Security-guard column) with a
flow rate of 300µL/min.

Aminoethylation of Cysteines.The cyclotide cycloviolacin H4 (5
nmol) was reduced with 0.4µmol of DTT in 200µL of 0.25 M Tris-
HCl, containing 1 mM EDTA and 8 M guanidine-HCl (pH 8.5, 37°C)
under N2. After 2 h, 20µmol of bromoethylamine dissolved in 20µL
of 0.25 M Tris-HCl, containing 1 mM EDTA and 8 M guanidine-HCl
(pH 8.5) was added. The reaction was incubated overnight in the dark

Figure 3. MS/MS fragmentation of tryptic digestion fragment 1
recorded by nanospray MS/MS spectrometry.

Table 3. Sequence Ions Observed in MS/MS Analysis of Cycloviolacin H4

trypsin ion m/z ion m/z thermolysin ion m/z ion m/z

VWIPC* y1 165.1 VCYNGIPCAESC y1 122.1
330.682+ b2 286.1 y2 262.1 629.772+ b2 203.1 y2 209.1
Mr ) 659.36 b3 399.2 y3 375.2 Mr ) 1257.54 b3 366.2 y3 338.1

y4 561.3 b4 480.2 y4 409.2
TVTALLGC* y 1 165.1 b5 537.2 y5 512.2
410.742+ b2 201.1 y2 222.1 b6 650.3 y6 609.2
Mr ) 819.48 b3 302.2 y3 335.2 b7 747.3 y7 722.3

b4 373.2 y4 448.3 b8 850.3 y8 779.3
b5 486.2 y5 519.3 b9 921.4 y9 893.4
b6 599.3 y6 620.4 b10 1050.4

y7 719.4 b11 1137.5
YNGIPC*AESC* y1 165.1 NGIPCAESCVWIPCT y1 120.1
571.742+ b2 278.1 y2 252.1 796.852+ b2 172.1 y2 223.1
Mr ) 1141.48 b3 335.1 y3 381.1 Mr ) 1591.70 b3 285.2 y3 320.1

b4 448.2 y4 452.2 b4 382.2 y4 433.2
b5 545.2 y5 b5 y5 619.3
b6 691.3 y6 695.3 b6 556.2 y6 718.4
b7 762.3 y7 808.3 b7 685.3 y7
b8 891.4 y8 865.4 b8 772.3 y8 908.5
b9 978.4 y9 979.4 b9 875.4

b10 974.4
b11 1160.5
b12 1273.6

SNNVC*YNGIPC*AESC* y1 165.1 VCYNGIPCAESCVWIPCT y1 120.1
568.253+ b2 202.1 y2 252.1 979.412+ b2 203.1 y2 223.1
Mr ) 1701.75 b3 316.1 y3 Mr ) 1956.82 b3 366.2 y3 320.1

b4 415.2 y4 452.2 b4 480.2 y4 433.2
b5 y5

2+ 299.6 b5 537.2 y5 619.3
b6 y6 695.3 b6 650.3 y6 718.4

y6
2+ 348.2 b7 747.4 y7

b7 y7 808.3 b8 850.4 y8 908.5
b8 895.4 y8 865.4 b9 921.4 y9 1037.5
b8

2+ 448.2 b10 1050.5
b9 1008.4 y92+ 490.2 b11 1137.5
b9

2+ 504.7 b12 1240.5
b10

2+ 553.2 y10 b13 1339.6
y11

2+ 644.7 b14 1525.7
b15 1638.7

Figure 4. Hemolytic activities of melittin, cycloviolacin H4, and
kalata B1. The HD50 values (and 95% confidence intervals) were
calculated using Prism software to be 12.7µM (11.0-14.6) for
kalata B1, 5.5µM (4.3-6.9) for cycloviolacin H4, and 0.94µM
(0.90-0.97) for melittin. Melittin is a well-known hemolytic agent
that is used as a positive control. As a negative control, the cyclotide
tricyclon A has been shown to have significantly lower activity
than kalata B1, with a maximum activity of 2% hemolysis at
concentrations up to 80µM.25
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in a water bath at 37°C under N2, then terminated by injection onto
RP-HPLC, eluted with a linear gradient of 0-80% buffer B in 80 min.
The masses of collected fractions were confirmed by MS prior to
lyophilization and storage at-20 °C.

Reduction of Cycloviolacin H4 and MALDI-MS Analysis. To 6
nmol of cycloviolacin H4 in 20µL of 0.1 M NH4HCO3 (pH 8.0) was
added 1µL of 0.1 M TCEP, and the solution was incubated at 65°C
for 10 min. The reduction was confirmed by MALDI-TOF-MS after
desalting using Ziptips (Millipore), which involved several washing
steps followed by elution in 10µL of 80% CH3CN (0.5% formic acid).
The desalted samples were mixed in a 1:1 ratio with matrix consisting
of a saturated solution ofR-cyano-4-hydroxycinnamic acid (CHCA)
in 50% acetonitrile (0.5% formic acid).

Enzymatic Digestion and Nanospray MS/MS Sequencing.To the
reduced peptide, trypsin, chymotrypsin, or a combination of EndoGluC
and trypsin was added to give a final peptide-to-enzyme ratio of 50:1.
The trypsin incubation was allowed to proceed for 1 h, the chymotrypsin
digestion was allowed to proceed for 3 h, while for the combined
digestion trypsin was added initially for 1 h followed by the addition
of EndoGluC and a further 3 h incubation. The digestions were
quenched by the addition of an equal volume of 0.5% formic acid and
desalted using Ziptips (Millipore). Samples were stored at 4°C prior
to analysis. The fragments resulting from the digestion were examined
first by MALDI-TOF-MS followed by nanospray MS/MS analysis on
a QStar mass spectrometer. 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).

Homology Model of Cycloviolacin H4.The NMR structure of vhr1
(PDB ID 1VB8) was identified as a suitable template from a sequence
similarity search on all cyclotide structures using standalone BLAST.
Modeller 8v1,28 a restraint-based structure generation program, was used
to generate 100 models of cycloviolacin H4. The model with the lowest
energy, according to Modeller 8v1, was selected and evaluated. The
programs PROCHECK and MOLMOL were used to analyze and
visualize the modeled structure.

Hemolytic Activity Assay. Peptides were dissolved in H2O and
serially diluted in phosphate-buffered saline (PBS) to give 20 mL test
solutions in a 96-well U-bottomed microtiter plate (Nunc). Human type
A red blood cells (RBCs) were washed with PBS and centrifuged at
4000 rpm for 60 s in a microcentrifuge several times until a clear
supernatant was obtained. A 0.25% suspension of washed RBCs in
PBS was added (100µL) to the peptide solutions. The plate was
incubated at room temperature for 1 h and centrifuged at 150 g for 5
min. Aliquots of 100µL were transferred to a 96-well flat-bottomed
microtiter plate (Falcon), and the absorbance was measured at 405 nm
with an automatic Multiskan Ascent plate reader (Labsystems). The
level of hemolysis was calculated as the percentage of maximum lysis
(1% Triton X-100 control) after adjusting for minimum lysis (PBS
control). Synthetic melittin (Sigma) was used for comparison.
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