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Despite a Conserved Cystine Knot Motif, Different Cyclotides Have Different
Membrane Binding Modes

Conan K. Wang, Michelle L. Colgrave, David C. Ireland, Quentin Kaas, and David J. Craik*
University of Queensland, Institute for Molecular Bioscience, Brisbane, Queensland, Australia

ABSTRACT Cyclotides are cyclic proteins produced by plants for defense against pests. Because of their remarkable stability
and diverse bioactivities, they have a range of potential therapeutic applications. The bioactivities of cyclotides are believed to be
mediated through membrane interactions. To determine the structural basis for the biological activity of the two major subfamilies
of cyclotides, we determined the conformation and orientation of kalata B2 (kB2), a Möbius cyclotide, and cycloviolacin O2 (cO2),
a bracelet cyclotide, bound to dodecylphosphocholine micelles, using NMR spectroscopy in the presence and absence of 5- and
16-doxylstearate relaxation probes. Analysis of binding curves using the Langmuir isotherm indicated that cO2 and kB2 have
association constants of 7.0 � 103 M�1 and 6.0 � 103 M�1, respectively, consistent with the notion that they are bound near
the surface, rather than buried deeply within the micelle. This suggestion is supported by the selective broadening of micelle-
bound cyclotide NMR signals upon addition of paramagnetic Mn ions. The cyclotides from the different subfamilies exhibited
clearly different binding orientations at the micelle surface. Structural analysis of cO2 confirmed that the main element of the
secondary structure is a b-hairpin centered in loop 5. A small helical turn is present in loop 3. Analysis of the surface profile
of cO2 shows that a hydrophobic patch stretches over loops 2 and 3, in contrast to the hydrophobic patch of kB2, which predom-
inantly involves loops 2 and 5. The different location of the hydrophobic patches in the two cyclotides explains their different
binding orientations and provides an insight into the biological activities of cyclotides.
INTRODUCTION

Cyclotides are circular proteins found mainly in Rubiaceae

(coffee) and Violaceae (violet) plants, where their natural

function is in host defense (1–6). They are characterized

by a cyclic cystine knot (CCK) motif consisting of a head-

to-tail cyclized backbone and a knotted arrangement of disul-

fide bonds (1,7). The CCK motif accounts for the remarkable

stability of cyclotides under harsh thermal, chemical, and

enzymatic conditions (8). The amino acid residues between

successive Cys residues form backbone loops that project

from the compact CCK core, and variations in these residues

are responsible for the range of bioactivities of cyclotides,

including anti-HIV (4), uterotonic (9), antimicrobial (10),

hemolytic (11), cytotoxic (12), neurotensin antagonistic

(13), antifouling (14), and pesticidal activities (15–19). The

combination of sequence variation, remarkable stability,

and diverse bioactivities makes cyclotides attractive as

drug scaffolds (20).

Cyclotides are divided into two main subfamilies—the

Möbius and bracelet subfamilies—depending on the pres-

ence or absence, respectively, of a cis-Pro peptide bond in

loop 5 (1). The majority (>70%) of cyclotides belong to

the bracelet subfamily (6). Fig. 1 illustrates sequence varia-

tions between the two subfamilies and highlights their

common CCK motif (21). Many of the side chains of hydro-

phobic residues project outward from the CCK core, which

gives rise to surface exposed hydrophobic patches on cyclo-

tides. In bracelet cyclotides, a short helical segment is
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located in loop 3 and is a major differentiating feature

between the two subfamilies.

The plant defense hypothesis for the natural function of

cyclotides is based on findings that two Möbius cyclotides,

kalata B1 (kB1) and kalata B2 (kB2), inhibit the growth of

lepidopteron larvae (15,22). This defense role may explain

why cyclotide-bearing plants typically express a large suite

of cyclotides. For example, ~20 cyclotides are present in

Oldenlandia affinis (23), the African herb from which the

first cyclotide, kB1, was originally isolated. Cyclotides

have also been reported to be toxic to the golden apple snail,

which is a major pest of rice crops (18), and to nematode

parasites of sheep (17).

It is thought that cyclotides exert their bioactivities through

membrane interactions, consistent with their hemolytic, anti-

microbial, and cytotoxic activities. An examination of the

guts of lepidopteron larvae after consumption of kB1 in arti-

ficial diets showed that it induces disruption of the microvilli,

blebbing, swelling, and rupture of gut epithelial cells, clearly

implicating membrane interactions in the insecticidal action

of cyclotides (24). A study of the bracelet cyclotide, cyclovio-

lacin O2 (cO2), using dye-loaded cells and liposomes showed

that the disruption of cell membranes plays a crucial role in its

cytotoxic effect, and hence established a correlation between

membrane interaction and activity (25).

Surface plasmon resonance studies of several cyclotides

have shown that they bind to lipid membranes (26). Dode-

cylphosphocholine (DPC) micelles have been used

a membrane mimic for NMR studies. A study using spin

labels proposed a binding orientation for the prototypical

Möbius cyclotide kB1 to micelles (27). Kalata B7 (kB7),
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FIGURE 1 Sequence diversity of cyclotides. Panel A

shows an alignment of selected cyclotide sequences

divided into two subfamilies: Möbius and bracelet. The

variation in sequences within each subfamily is represented

in panel B, where the innermost circle shows residues that

occur most often. Residue variations protrude outward as

spikes. More frequently observed residues have a darker

shade. Panel C shows kB1 and cycloviolacin (cO1), which

belong to the Möbius and bracelet subfamilies, respec-

tively. Panel D shows the distribution of residue types in

cyclotide sequences for Möbius (left) and bracelet (right)
cyclotides. The distribution of residue types at each posi-

tion of an alignment, with the same numbering as in panel

A, is mapped onto the cyclotide framework for Möbius and

bracelet cyclotides. A box represents each position of the

alignment, with the exception of cysteines, which are

shown as yellow circles. Hydrophobic residues are colored

green, negatively charged residues are red, positively

charged residues are blue, Gly are cyan, and polar residues

are gray. Residue types that occur more frequently occupy

a larger area in the enclosing box.
another Möbius cyclotide, shows a binding orientation

similar to that of kB1 to DPC micelles (28). However,

because Möbius and bracelet cyclotides have different loop

contents, sizes, and surface profiles, they may also have

different modes of membrane binding. Until now, to our

knowledge, no binding of bracelet cyclotides to membranes

has been reported. The study of bracelet cyclotides is impor-

tant because they are the most common members of the

cyclotide family and are often the most bioactive. For example,

the bracelet cyclotide cycloviolacin Y5 is the most potent

anti-HIV cyclotide tested so far (29). Here we determined

the binding mode of a bracelet cyclotide, cO2, which has

potent cytotoxic activity (30), and compared it with the

binding of kB2, a Möbius cyclotide with potent insecticidal
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activity (22). Cycloviolacin O2 has been widely studied for

its biological activities and is a representative member of

the bracelet subfamily, but its structure has not yet been

reported. Our study suggests that although all cyclotides

share a conserved CCK motif, they have substantially different

orientations of membrane binding.

MATERIALS AND METHODS

Sample preparation and NMR spectroscopy

Using previously described protocols (15), kB2 and cO2 were extracted

from O. affinis and Viola odorata, respectively. Their purity (>95%) was

checked by analytical high-performance liquid chromatography and their

masses were verified using CyBase, a database of circular proteins (6,31).
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NMR analysis also confirmed the purity of the peptides via the absence of

any unexplained peaks. NMR samples consisted of various concentrations

of kB1 or cO2 in H2O, D2O, or DPC (98% deuterium; CIL, Andover,

MA). The structure of cO2 was solved for a sample at 1 mM peptide concen-

tration, and the structure of micelle-bound kB2 was solved at 1 mM peptide

and 60 mM DPC concentrations. DPC and 5- or 16-doxylstearates (Sigma,

St. Louis, MO) were added to samples using aliquots of stock solutions in

H2O and methanol-d4, respectively. The maximum concentration of meth-

anol in the samples was 5%.

NMR spectra were recorded on Avance 500, 600, or 750 MHz spectrom-

eters (Bruker, Karlsruhe, Germany). Two-dimensional (2D) NMR experi-

ments included total correlation spectroscopy (TOCSY) (32) with a 80 ms

mixing time, nuclear Overhauser effect spectroscopy (NOESY) (33) with

a 200 ms mixing time, and exclusive correlation spectroscopy (E-COSY)

(34). Water suppression for the TOCSY and NOESY experiments was

achieved by using a modified WATERGATE sequence (35). Spectra were

acquired with 4096 data points in the F2 dimension and 512 increments in

the F1 dimension. Chemical shifts were referenced to the H2O solvent

signal, which was assigned a chemical shift of 4.65 ppm at 40�C.

Distance restraints were derived from cross-peaks in the NOESY spectra.

A summary of the long-range NOEs is provided in the Supporting Material.

Spectra were analyzed with SPARKY (36). Backbone dihedral angle

restraints were derived from 3JHNHa values measured from peak splitting

in a 1D spectrum, and c1 dihedral angles were derived from 3JHaHb values

from the E-COSY spectrum together with NOE intensities. After initial

structure calculations were performed with the use of CYANA (37),

hydrogen-bond restraints for slowly exchanging amides were added. Final

sets of 50 structures were calculated using a torsion angle-simulated anneal-

ing protocol within CNS (38). Structures of cO2 were refined in a water

shell. The structures were analyzed with MOLMOL (39) and PROCHECK

(40), and the 20 lowest-energy structures were deposited in the Protein Data

Bank (PDB; ID: 2kcg for cO2 and 2kch for micelle-bound kB2).

Cyclotide binding to DPC micelles

Titration of DPC into kB2 (0.5 mM) and cO2 (2 mM) solutions in 10% D2O

was done at 30�C, pH 2.8. A 1D NMR spectrum and the diffusion rate (41) of

the cyclotide-DPC complex were measured at each titration point, ranging

from a detergent/peptide ratio of ~2:1 to 60:1 for the kB2 and cO2 samples.

In all cases the DPC concentration exceeded the critical micelle concentration.

Fast exchange between the unbound and bound states was assumed, which

means that the chemical shift of an affected proton (dobs) depends on the

chemical shift of the bound (dbound) and free (dfree) states, and on the bound

peptide and free peptide concentrations according to the following equation:

dobs ¼
dfree½kB1�freeþ dbound½kB1�bound

½kB1�0
½kB1�0¼ ½kB1�freeþ ½kB1�bound

: (1)

The Langmuir isotherm was used for analysis (27) and provided values for

Ka (the effective affinity constant of the peptide to the surface of the DPC

micelle) and N, the number of DPC molecules that form the site of the

peptide binding:

exp

�
DG0

RT

�
¼ 1

Ka

¼
½kB1�free

�
½DPC� � N½kB1�bound

�
N½kB1�bound

: (2)

Modeling of the cyclotide-DPC complex

Titration of kB2/DPC or cO2/DPC samples (1 mM peptide) with 5-doxyl-

stearate or 16-doxylstearate was done at 40�C for kB2 and 50�C for cO2.

Measurements for cO2 were done at a higher temperature to obtain better-

quality spectra. NOESY spectra (100 ms mixing time) were measured at

0 and 8 mM doxylstearate at pH 5 and pH 3 for kB2 and cO2, respectively.
The paramagnetic attenuation induced by the doxylstearates was qualita-

tively characterized by calculating the relative cross-peak intensity (RCI):

RCIi ¼ 100%
Iprobe
i

I0
i

:

Here Iprobe
i and I0

i are the HN-Ha cross-peak intensities (Hd2-Hd3 for prolines)

in the spectra of samples with and without a paramagnetic probe.

A model of the cyclotide-micelle complex was built as described previ-

ously (42) by constraining atoms to be either inside or outside of a spherical

micelle on the basis of their signal attenuation. Using the 5-doxylstearate

data, the HN and Ha atoms for which the relative intensity of their cross-

peaks was <20% were restricted to be inside the micelle and other HN

and Ha atoms were restricted to be outside the micelle.

RESULTS

Structural studies of the bracelet cyclotide cO2

To provide a basis for determining the binding mode of cO2

to DPC, the solution structure of cO2 was determined using

2D NMR data. Although amide signals present in the

TOCSY spectrum were well dispersed, two amide signals

were missing at pH 5 (Ile14 and Ser15) and complicated the

initial resonance assignment; however, these signals were

identified when the pH was lowered to 3. A total of 347

distance restraints, comprising 96 sequential, 109 nonse-

quential, and 142 intraresidue restraints, were determined

from NOESY spectra, and 18 dihedral angle restraints

(13 f and five c1) were derived using coupling constants

from 1D and E-COSY spectra. Slowly exchanging amides

were used to derive upper limit distance restraints for six

hydrogen bonds. Amide temperature coefficients (see Sup-

porting Material) were used to confirm hydrogen bonds.

Using NOE, dihedral, and hydrogen-bond restraints, a set

of 50 structures was calculated by means of torsion angle

simulated annealing. A superimposition of the 20 lowest-

energy structures obtained after energy minimization is pre-

sented in Fig. 2. Most regions of the structure are well

defined, with an average root mean-square deviation

(RMSD) of 0.35 Å for the backbone atoms and 1.20 Å for

all heavy atoms. Structural statistics are summarized in Table 1.

Analysis using MOLMOL confirmed that the main element

of the secondary structure is a b-hairpin centered in loop 5.

A small helical turn is present in loop 3, which is character-

istic of bracelet cyclotides. Analysis of the surface profile of

cO2 shows that a hydrophobic patch stretches over loops 2

and 3, in contrast to the hydrophobic patch of kB2, which

predominantly involves loops 2 and 5.

A pH titration on cO2 (Fig. 2) identified two residues, Ile14

and Ser15, whose chemical shifts are most affected by

changes in pH. The structure of cO2 shows that the backbone

amides for these two residues are involved in a hydrogen-

bond network involving the carboxyl of the Glu in loop 1.

This hydrogen-bond network has been observed in other

cyclotides (e.g., kB1 and cO1) and is believed to help stabi-

lize the cyclotide framework (43).
Biophysical Journal 97(5) 1471–1481
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FIGURE 2 Structure of cO2. Panel A shows a stereo

representation of the solution structure of cO2 solved at

pH 5, 30�C. Panel B highlights the secondary structure

and the disulfide knot. When the pH was varied from 5

to 3, several HN and Ha chemical shifts changed signifi-

cantly (>0.1 ppm), as indicated in panel C. The two resi-

dues having the largest change in HN chemical shift, Ile14

and Ser15, are involved in a hydrogen-bond network with

the carboxyl of Glu6, illustrated in the inset. The large

downfield shifts of these two amide signals reflect their

hydrogen-bonded status; of interest, however, they mask

the diagnostic value of their amide temperature coefficients

for defining hydrogen bonds (Supporting Material), a trend

that has been reported for peptides in general (51) and

cyclotides in particular (52).
Cyclotide-DPC micelle complex

To assess the mode of membrane interaction of cyclotides

and hence provide a structural basis for their biological

activity, the binding of cO2 and kB2 to DPC micelles was

investigated. These peptides were chosen as representative

members of the bracelet (cO2) and Möbius (kB2) cyclotide

subfamilies because although they have been well character-

ized in terms of their biological activities, they have not been

structurally characterized in the presence of membrane

mimics. The chemical shifts of selected protons were moni-

tored as the DPC/peptide mole ratio (D/P) was varied. When

the exchange between bound and free peptide species is fast

on the NMR chemical-shift timescale, the observed chemical

shift of an affected proton depends on the fraction of bound

peptide. Fig. 3 shows the changes in chemical shift of the H31

proton of Trp10 for cO2 and Trp23 of kB2 as a function of

D:P. When D/P reached ~40:1 for cO2 and 20:1 for kB2,

all of the peptide was micelle-bound. Analysis of the binding

curve using the Langmuir isotherm indicated that cO2 and kB2

have effective association constants (Ka) of 7.0 � 103 M�1

and 6.0 � 103 M�1, respectively. These affinities are consis-

tent with the notion that cO2 and kB2 are bound near the

surface, rather than buried deeply within the micelle, and

are similar to the result reported recently for kB1 (Ka of

7.9� 103 M�1) (27). Although it is not clear that it is entirely

appropriate to discuss peptide-micelle interactions in terms

of Ka values, and hence we refer to them as ‘‘effective’’ Ka

values, the main finding from these studies is that there is

Biophysical Journal 97(5) 1471–1481
a definite association between both subfamilies of cyclotides

and DPC micelles.

An analysis of the backbone chemical shifts of the free and

bound peptides (Fig. 4) established that different regions of

cO2 and kB2 are affected by interaction with DPC micelles.

Loops 2 and 5 of kB2 show the largest change on binding,

suggesting that they reside at the interaction interface. By

contrast, loops 2 and 3 of cO2 show the largest change on

binding, indicating that the two molecules adopt different

binding orientations in a micelle environment. The lack of

change in chemical shift for a number of other residues fits

the hypothesis that only part of the kB2 and cO2 molecules

bind to the micelle, supporting the suggestion that the

peptides are not buried deeply.

A sharp decrease in the translational diffusion coefficient

(DT) of cO2 during a titration with DPC further confirmed

the formation of a cO2-DPC complex. A linear decrease in

DT at a D/P higher than 40:1 for cO2 can be explained by

increased solvent viscosity and diffusion obstruction at

a high concentration of DPC. The DT for the cO2-DPC

complex was determined to be 1.07 � 10�10 m2s�1 by

extrapolating the data points between a D/P of 40:1 to 60:1

to zero DPC concentration to remove the effects of solvent

viscosity. This is consistent with the DT obtained for the

kB1-DPC complex of 1.07 � 10�10 m2s�1 (27). Using the

Stokes-Einstein relation, the cO2-DPC complex had a hydro-

dynamic radius, RH of 26.0 Å, which is larger than the RH of

pure DPC micelle (DT ¼ 1.2 � 10�10 m2s�1; RH ¼ 23.1 Å)

(44), consistent with complex formation. It was difficult to
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measure the DT for kB2 because kB2 has limited solubility at

the pH used for the titration. Although the DT dropped upon

addition of DPC, supporting the formation of a kB2-DPC

complex, the low concentration at which it was necessary

to record the data for kB2 resulted in unreliable data from

the diffusion measurements, and thus the DT of the kB2-DPC

complex could not be estimated. At high pH, where kB2 is

more soluble, significant broadening of peaks was observed

in the 1D spectra in the absence of DPC when the concentra-

tion of kB2 was ~1 mM or higher, presumably because kB2

self-associates at higher concentrations, as has been shown

by analytical ultracentrifugation studies (45). After the titra-

tion, addition of DPC to a concentrated sample of kB2 was

found to increase the solubility of kB2 and provide 1D

spectra with sharp peaks. In previous structural studies of

kB2, acetonitrile was used to solubilize it (22); however,

acetonitrile was not used here because it might have inter-

fered with the binding to DPC micelles. Because kB2 inter-

acts with DPC micelles via a hydrophobic patch on its

surface (discussed below), hydrophobic interactions between

different kB2 molecules may be responsible for the low solu-

bility of kB2 in acidic aqueous solutions.

TABLE 1 Geometric and energetic statistics for the 20 lowest-

energy structures of cO2 and micelle-bound kB2

cO2 kB2

NMR distance and dihedral constraints

Distance constraints

Total NOE 347 268

Intraresidue 142 125

Interresidue 205 143

Sequential (ji � jj ¼ 1) 99 91

Medium-range (ji � jj% 4) 49 29

Long-range (ji � jjR 5) 57 23

Intermolecular 0 0

Hydrogen bonds 6 7

Total dihedral angles 18 15

f 133 15

c1 5 0

Structure statistics

Violations (mean and SD)

Distance constraints (Å) �0.1350.03 �0.1550.06

Dihedral angle constraints (�) 050 2.6150.24

Max. dihedral angle violation (�) 0 �3.68

Max. distance constraint violation (Å) �0.25 �0.25

Deviations from idealized geometry

Bond lengths (Å) 0.00450.0001 0.00450.0001

Bond angles (�) 0.4850.03 0.5650.02

Impropers (�) 0.3850.04 0.550.04

Average pairwise RMSD* (Å)

Heavy 1.250.22 0.8950.17

Backbone 0.3550.13 0.350.07

Ramachandran statistics

Most favored (%) 86.5 80.3

Allowed (%) 13.5 19.7

*Pairwise RMSD was calculated for 20 refined structures.
Structure of micelle-bound cyclotides

NMR data were acquired for kB2 in the presence of DPC

micelles and used to solve the structure of micelle-bound

kB2. A comparison of the aH backbone chemical shifts

with unbound kB2 (Fig. 4) suggests that there is little struc-

tural variation between the bound and unbound states. To

confirm that cyclotide structures are rigid and unaffected

by binding to micelles, NMR restraints were measured to

determine the 3D structure. A total of 268 distance restraints,

comprising 91 sequential, 52 nonsequential, and 125 intrare-

sidue restraints, were determined from NOESY spectra, and

15 f dihedral angle restraints were derived based on

coupling constants from the splitting of peaks in a 1D spec-

trum. Slowly exchanging amides were used to derive upper

limit distance restraints for six hydrogen bonds.

A backbone superimposition of the 20 lowest-energy

structures obtained after energy minimization is shown in

Fig. 5. Most regions of the structure are well defined, with

FIGURE 3 Titration of 0.5 mM kB2 and 2 mM cO2 with DPC, H2O (10%

D2O), pH 2.8, 30�C. Chemical shift, d, of the H31 proton of Trp23 and Trp10

of kB2 (solid squares) and cO2 (solid diamonds), respectively, are shown

versus the DPC/cyclotide mole ratio. Binding curves were analyzed using

the Langmuir isotherm. The diffusion coefficient, DT, of cO2 (open circles)

at each titration point is shown, and the dotted line shows the extrapolation

of the DT to zero detergent concentration.

FIGURE 4 Changes in (A) kB2 (pH 3, 40�C) and (B) cO2 (pH 5, 40�C)

chemical shifts, Dd, upon incorporation into a DPC micelle. The black

and white bars for each residue denote changes in Ha and HN chemical

shifts, respectively. Cys residues are circled and the loops are numbered

in the leftmost plot.
Biophysical Journal 97(5) 1471–1481
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FIGURE 5 Structure of kB2 in the DPC micelle-bound

state (DPC/peptide ratio 60:1, pH 5.0, 40�C). (A) The 20

lowest-energy structures of micelle-bound kB2 are shown

in blue overlaid with the structure of unbound kB2 in red

(PDB ID: 1PT4). (B) A ribbon representation of the struc-

ture, highlighting the disulfide knot core.
an average RMSD of 0.30 Å for the backbone atoms and

0.89 Å for the heavy atoms. The structural statistics are

summarized in Table 1, and show that the restraints were

fitted with minimal violations. The structure of micelle-

bound kB2 is almost identical to the structure of unbound

kB2, consistent with the Ha chemical-shift analysis pre-

sented above. This result for kB2 is consistent with the struc-

tural similarities between micelle-bound and unbound kB1

(28). An average RMSD of 0.51 Å for the backbone atoms

was calculated for the combined ensemble of structures of

bound and unbound kB2 (PDB ID: 1PT4). The similarity

in structures between micelle-bound and unbound states

confirms the rigidity of the CCK fold.

Assignment of the spectra of cO2 in DPC was challenging

because the NOESY spectra were of poor quality (i.e., with

many broadened peaks), even after the temperature was

increased to 50�C. A comparison of the Ha backbone chem-

ical shifts with unbound cO2 is shown in Fig. 4. The small

differences in the Ha chemical shifts, combined with the

expected rigidity of the cyclotides, suggest that, like kB2,

the structures of cO2 in the bound and unbound states are

similar, and thus a full-structure determination of micelle-

bound cO2 was not attempted.

It was also difficult to study the effects of pH variation on

either cO2 or kB2 bound to DPC micelles. Many of the

amide signals from kB2 in the TOCSY spectra were present

at pH 5 but missing at pH 3, even though the shape and

number of cross-peaks in the NOESY spectra were relatively

unaffected by pH variation. For cO2, several amide signals

present at pH 3 in the TOCSY and NOESY spectra were

missing at pH 5. Based on assignments of the spectra at

a pH that gave good-quality TOCSY spectra, assignment

of the NOESY spectra at the other pH was attempted. A

comparison of the assigned Ha chemical shifts of the

micelle-bound kB2 and micelle-bound cO2 at pH 3 and

pH 5 revealed that the Ha chemical shifts did not change

significantly with varying pH, suggesting that the overall

backbone structure of micelle-bound kB2 and cO2 was not

affected by pH. For micelle-bound kB2, three residues

(Cys14, Asn15, and Thr16) had amide chemical shifts that
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changed significantly (>0.1 ppm) when the pH was varied

between 3 and 5 (i.e., Cys14 by 0.23 ppm, Asn15 by 2.20 ppm,

and Thr16 by 1.62 ppm). According to the structure of micelle-

bound kB2, residues Asn15 and Thr16 are involved in a

hydrogen-bond network with the carboxyl of Glu7, and a

similar network was reported here for cO2.

Model of cyclotide-micelle complex

To determine the orientation of kB2 and cO2 relative to an

associated micelle, relaxation probes that contain a nitroxide

moiety, which broadens the signal of protons in its prox-

imity, were used. When 5- and 16-doxylstearate relaxation

probes are incorporated into a DPC micelle, their nitroxide

moiety is preferentially located close to the surface and the

center of the micelle, respectively. Specific broadening of

kB2 and cO2 proton signals was monitored by comparing

NOESY spectra of samples with and without paramagnetic

probes (Fig. 6). The data suggest that the cyclotides were

bound to the surface of the micelle, because 5-doxylstearate

resulted in the attenuation of cross-peak intensities more

strongly than 16-doxylstearate.

Models of the kB2-DPC and cO2-DPC complexes were

built using the structures of kB2 and cO2 presented above,

and data on signal attenuation induced by 5-doxylstearate.

As shown in Fig. 6, the peptides interact with the micelle

surface via predominantly hydrophobic interactions. For

kB2, loops 1, 2, 5, and 6 reside at the interaction interface

(consistent with the results for kB1 (27)), whereas a different

orientation was observed for cO2, with loops 1, 2, and 3

interacting with the micelle surface. Selective attenuation

of kB2 signals by Mn2þ confirmed the proposed kB2-DPC

model. When titrated into the micellar solution, this water-

soluble paramagnetic ion produced selective signal attenua-

tion of protons not involved in the peptide-micelle interface

(Supporting Material).

To determine whether the difference in membrane orienta-

tion between Möbius and bracelet cyclotides reflects their

different surface properties rather than fundamentally

different global folds, we undertook a quantitative RMSD
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FIGURE 6 Orientation of kB2 and cO2 bound to a DPC micelle based on attenuation by doxylstearate probes. KB2 is shown in the upper row and cO2 is

shown in the lower row. Either 5-doxylstearate (black circles) or 16-doxylstearate (gray squares) was added to samples containing cyclotide (1 mM, pH 3 and

40�C for kB2, pH 5 and 50�C for cO2) and DPC at a DPC/peptide ratio of 60:1. The relative cross-peaks (HN-Ha for nonproline amino acid residues and Hd2-

Hd3 for prolines) based on 100 ms NOESY spectra are shown on the left. To the right are the binding models based on the 5-doxylstearate data. Hydrophobic

residues are colored green, negatively charged residues are red, positively charged residues are blue, Gly are cyan, polar residues are white, and Cys are yellow.

A dotted line represents the 20% threshold used to determine whether residues are inside or outside of the micelle, and also schematically represents the micelle

surface on the right.
comparison of all known cyclotide structures, within and

between subfamilies. We found that any individual cyclotide

superimposed with any other cyclotide with an RMSD in the

range of 0.55–2.81 Å (Supporting Material). Although there

was a slight preference for any Möbius cyclotide to be more

similar to any other Möbius cyclotide than to a bracelet

cyclotide, the results show that it is reasonable to regard

the CCK framework as a conserved core across both subfam-

ilies, and that the distribution of residues on the surface is the

major factor in determining the different membrane interac-

tions between the two subfamilies.

DISCUSSION

The biological mode of action of cyclotides most likely

involves membrane interactions (24–27). One study (27)

investigating the membrane interaction of kB1, a Möbius

cyclotide, suggested that the different activity profiles for

Möbius and bracelet cyclotides may be explained by

different modes of peptide-membrane interaction. In the

study presented here, we determined the mode of interaction
of kB2 (a Möbius cyclotide) and cO2 (a bracelet cyclotide)

with DPC micelles, and found that different cyclotides do

indeed have clearly different modes of interaction. On the

one hand, this is somewhat surprising because all cyclotides

have a conserved CCK core, and it might have been assumed

that they would have a common binding mode. On the other

hand, it is clear from this study that it is the surface of the

cyclotides, and particularly the location of a surface-exposed

patch of hydrophobic residues that determine their binding

mode to membrane-like surfaces. We used DPC micelles

as surrogates for membranes because they are more easily

studied by NMR and earlier studies have established their

value as model systems (27). Surface plasmon resonance

and bioactivity studies have clearly established that cycloti-

des functionally bind to membranes; however, the orienta-

tional information sought here could best be obtained by

means of NMR studies, for which DPC micelles are the

preferred model systems.

In this study, cO2 was chosen as the prototypic bracelet

cyclotide because it interacts with cell membranes and lipo-

somes, and its membrane-disrupting ability has been linked
Biophysical Journal 97(5) 1471–1481
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to its cytotoxic activity (25). Additionally, it is one of the

most abundant bracelet cyclotides in V. odorata, from which

it was extracted (30,46). But before the orientation of cO2

bound to DPC micelles could be determined, the structure

of cO2 needed to be solved. Structure determination by

NMR spectroscopy showed the characteristic cyclic back-

bone and cystine knot. The secondary structure of cO2

comprises a b-hairpin centered in loop 5 (which is common

among all cyclotide structures) and a helical turn in loop 3

(which has only been found in structures of bracelet cycloti-

des). A hydrogen-bond network involving the carboxyl of

the Glu in loop 1 and two residues in loop 3, as observed

in other cyclotide structures, was present in the structures

of both cO2 and DPC-bound kB2. This hydrogen-bond

network, which helps to stabilize the cyclotide framework

(43), may explain why the Glu in loop 1 is the most highly

conserved residue, apart from the cysteines, in all known

cyclotides (43). The structure of cO2 further confirms that

cyclotides have a conserved topology, particularly within

each subfamily. The compact knotted core, which forces
many of the side chains outward, means that the composition

of each loop determines the surface profile and strongly

influences intermolecular interactions.

Using paramagnetic attenuation of NMR signals, we iden-

tified regions of kB2 and cO2 that are responsible for

peptide-DPC interactions. Loops 1, 2, 5, and 6 of kB2 formed

the site of micelle binding and are responsible for hydro-

phobic interactions with the membrane mimic. This model

of membrane binding is consistent with that proposed for

kB1 (27), except for a subtle variation in loop 6, presumably

because the Asp29 in loop 6 of kB2 is charged compared to

Asn29 of kB2. A binding model for kB7, a Möbius cyclotide,

has also been proposed (28). The model for micelle-bound

kB7 is generally consistent with the micelle-bound model

of kB1 and kB2, with loops 1, 2, and 5 interacting with the

micelle surface. However, because kB7 contains a Lys in

loop 6 instead of a Thr in position 27 of kB1 and kB2,

loop 6 does not come into contact with the micelle surface

in kB7. This mode of binding also helps to explain why arti-

ficially linearized cyclotides have reduced activity (47). For
FIGURE 7 Surfaces of kB1, circulin A, kB2, cO2,

cycloviolacin O14, and vhr1 are presented as representa-

tives of the Möbius and bracelet subfamilies to show the

distribution of hydrophobic residues (in green). The loca-

tions of the hydrophobic patches differ between bracelet

and Möbius cyclotides.
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example, the insecticidal activity of kB1 is abolished when

loop 6 (which is involved in the binding interface) is opened

to produce an acyclic analog (24). The improved membrane

binding, and therefore bioactivity, of cyclic (as opposed to

linear) cyclotides may explain why cyclotides have evolved,

probably from a linear ancestor (48), to possess a cyclic back-

bone. The binding models of the three Möbius cyclotides—

kB1, kB2, and kB7—suggest that hydrophobicity plays an

important role in the binding of cyclotides to membrane

surfaces. Because the sequences of Möbius cyclotides share

a similar distribution of hydrophobic residues that cluster

mainly in loop 5 and parts of loops 2 and 6, all Möbius cyclo-

tides most likely bind in a similar orientation, with only

subtle variations in the orientation, depending on the compo-

sition of amino acids in the interacting loops.

In comparison with the Möbius cyclotide kB2, cO2 from

the bracelet subfamily binds to DPC micelles in a completely

different orientation. This difference in the binding mode of

cO2 can be attributed to the difference in surface profile

compared to kB1, kB2, and kB7, in which the hydrophobic

patches are located on a different face of the molecule.

Instead of the hydrophobic residues being clustered in loop

5 as in Möbius cyclotides, the hydrophobic residues of

bracelet cyclotides predominantly occupy loops 2 and 3

(Fig. 7). Of interest, loop 5 of the bracelet cyclotides usually

contains charged residues, which would be unfavorable for

interactions that are driven by hydrophobicity. This result

highlights the importance of the composition of the loops

(particularly the hydrophobic residues) in determining the

binding orientation of cyclotides.

Several studies have suggested that the surface properties

of cyclotides play an important role in determining their

bioactivity. In a study relating the structure of cyclotides

from V. yedoensis with their hemolytic and anti-HIV

activity, a correlation between surface-exposed hydropho-

bicity and potency was established (29). An examination of

the anti-HIV activity of a large number of cyclotides showed

that the specific location of the hydrophobic area on the

surface is important, particularly when comparing Möbius

and bracelet cyclotides (49). It also showed that the hydro-

phobic composition of loops 5 and 6 is an important determi-

nant of the bioactivity of Möbius cyclotides, whereas bracelet

cyclotides rely on the hydrophobicity of loops 2 and 3, with the

presence of charged residues also affecting the activity. The

agreement between the factors that affect bioactivity and those

that affect the orientation of membrane binding of cyclotides

presented herein gives strong support for the role of membrane

interaction in the activity of cyclotides, making this work

significant in the broader scope of cyclotide function.

Although the modes of membrane binding of the Möbius

and bracelet cyclotides proposed so far may cover a majority

of known cyclotides based on sequence comparisons, some

cyclotides with sequences that contain features from both

subfamilies may have different modes of action. For

example, the bracelet cyclotide kB8 (50), which does not
have a cis-Pro in loop 5, contains a Möbius-like loop 3

that is not particularly hydrophobic and does not form

a helical turn. This suggests that its mode of membrane

binding may differ from that of cO2, which, like many

bracelet cyclotides, has a largely hydrophobic loop 3. Unlike

the Möbius cyclotides, which have a hydrophobic loop 5,

kB8 has a positively charged loop 5 (from a Lys and an

Arg), suggesting that the mode of binding of kB8 may also

be different from the model proposed for Möbius cyclotides

based on a previous study of kB1 (27) and this study of kB2.

Cyclotides may have different but specific binding modes so

that they can function effectively as plant defense agents by

responding to different predators.

In summary, based on this characterization of how

cyclotides interact with DPC micelles, we suggest that the

biological activity of cyclotides is governed by their

membrane interactions, which in turn are dictated by the

surface profile of the cyclotides. It appears that the hydro-

phobic regions on the surface of cyclotides drive the initial

binding to membranes, which would explain the previously

observed subfamily activity characteristics (49). It will be

of interest in future experiments to characterize the structure

of cyclotides in lipid bilayers, which more closely mimic

membrane environments.
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