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The cyclotide family of plant-derived peptides is defined by a cyclic backbone and three disulfide bonds locked
into a cyclic cystine knot. They display a diverse range of biological activities, many of which have been linked
to an ability to target biological membranes. In the current work, we show that membrane binding and
disrupting properties of prototypic cyclotides are dependent on lipid composition, using neutral
(zwitterionic) membranes with or without cholesterol and/or anionic lipids. Cycloviolacin 02 (cy02) caused
potent membrane disruption, and showed selectivity towards anionic membranes, whereas kalata B1 and

lc(;{;zzirj: ' kalata B2 cyclotides were significantly less lytic towards all tested model membranes. To investigate the role
Cycloviolacin 02 of the charged amino acids of cyO2 in the membrane selectivity, these were neutralized using chemical
Kalata modifications. In contrast to previous studies on the cytotoxic and antimicrobial effects of these derivatives,
Membrane the Glu6 methyl ester of cyO2 was more potent than the native peptide. However, using membranes of

Phosphatidylethanolamine
Lipid extraction

Escherichia coli lipids gave the opposite result: the activity of the native peptide increased 50-fold. By using a
combination of ellipsometry and LC-MS, we demonstrated that this unusual membrane specificity is due to
native cyO2 extracting preferentially phosphatidylethanolamine-lipids from the membrane, i.e., PE-C16:0/
cyC17:0 and PE-C16:0/C18:1.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Cyclotides constitute a family of plant-derived peptides with an
exceptionally stable structure [1,2]. They consist of approximately 30
amino acids with their N- and C-termini connected via an ordinary
peptide bond, resulting in a circular backbone. The structure is
reinforced by three disulfide bonds arranged in a cystine knot at its
core. This structural motif, the so-called cyclic cystine knot (CCK),
forces the relatively large number of hydrophobic residues of the
cyclotide sequence to be exposed at the surface of the molecule,
resulting in pronounced amphiphilic properties. A structural twist of
the cyclic backbone, i.e., the presence or absence of a cis-Pro residue,
divides the growing family of cyclotides into two subfamilies, the
Mébius and the bracelet cyclotides, respectively (Fig. 1).

The unique structure of the cyclotides has been associated with a
number of reported biological activities, including cytotoxic [3], hemolytic

Abbreviations: cy02, cycloviolacin 02; DOPA, Sodium 1,2-dioleoyl-sn-glycero-3-
phosphate; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; kB1, kalata B1; kB2,
kalata B2; PE, Phosphatidylethanolamine
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[4,5], anti-HIV [6], anthelmintic 7], anti-fouling [8], antimicrobial [9,10]
and insecticidal activity [11]. These effects - at least the latter ones -
indicate that the biological role of cyclotides within the expressing plants
is that of host defense. As outlined below, recent studies demonstrate that
there is a strong connection between structure and activity of cyclotides,
and that the interaction between the cyclotide and the lipid membrane of
the target cell is the major cause for activity.

The bracelet cyclotide cycloviolacin 02 (cy02) is the most potent
cyclotide that have been tested for cytotoxic and antimicrobial effects
[3,9,12]. In light of the division into subfamilies based on the structural
twist, it is noteworthy that cyO2 is characterized by two cationic Lys
residues in loop 5, and a short hydrophobic alpha helix in loop 3,
whereas prototypic Mobius cyclotides such as kalata B1 and kalata B2
(kB1/kB2) lack these features (Fig. 1). Triggered by these results, cyO2
has been subjected to chemical modifications to investigate the impact
of the charged residues. Up to a 7-fold decrease in cytotoxic activity was
seen after masking the cationic side chains of the single Arg and the two
Lys residues (by reaction with 1,2-cyclohexanedione or by acetylation,
respectively). Surprisingly however, masking of the single negatively
charged residue, a conserved Glu, resulted in a 48-fold decrease [12].

In analogy to the cytotoxic structure-activity relationship, cyO2
was recently shown to be the most potent bactericidal cyclotide when
screening a smaller set of cyclotides (including kB1 and kB2) [9]. In
that assay, the Glu modification caused a loss of activity against
the main target Salmonella enterica serovar Typhimurium LT2, as did
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Mobius

Bracelet

Mébius Net charge
kB1 GLPVCGETCVGGTCNTP--GCTCSWPVCTRN 0
kB2 GLPVCGETCFGGTCNTP--GCSCTWPICTRD -1

Bracelet

cyO02 GIP-CGESCVWIPCISSAIGCSCRSRVCYRN +2

Fig. 1. Ribbon structures of the Mobius kalata B1 and the bracelet cycloviolacin 02 and
cyclotide sequences. Note the unique features of the cyclic cystine knot (CCK) motif: a
cyclic backbone and three stabilizing disulfide bonds arranged in a cystine knot, i.e., two
disulfide bonds (I-1V, II-V) form a ring together with their interconnecting backbones,
and the third disulfide bond (III-VI) is threaded through that ring. The sequences
between cysteines, the sequence loops (marked as 1-6 in the structure to the right), are
more or less variable. The sequences of the cyclotides in focus in the current work are
shown below: kalata B1 (kB1), kalata B2 (kB2), and cycloviolacin 02 (cyO2). The
brackets highlight the CCK-motif; charged residues are in bold. (PDB ID: 1NB1 and
2KNM.)

the Lys modification, while some activity was retained for the Arg
modified cyO2.

It is becoming increasingly evident that the interaction of
prototypic cyclotides with the lipid membrane is crucial for activity
[13]. But the biophysical aspects of that interaction are poorly
understood. Binding studies using surface plasmon resonance have
demonstrated that some cyclotides (including kB1) bind to lipid
membranes [14], while liposome leakage studies have demonstrated
the lytic effect of cyO2 [13]. It has also been shown that cyclotides bind
to dodecylphosphocholine micelles through a combination of elec-
trostatic and hydrophobic interactions [15,16]; and that prototypic
cyclotides of the two Mobius and bracelet subfamilies (kB1 and cy02,
respectively) bind to the micelle surfaces with different orientation
[17]. Moreover, recent studies postulate that the cyclotide kB1 disrupt
membranes by the formation of multimeric pores [18,19].

The aim of the present study was to assess the interplay between
cyclotide membrane binding and disruption. Prototypic cyclotides
from the two subfamilies were used: the Mobius kB1 and kB2, and the
bracelet cyO2. CyO2 was subjected to chemical modifications,
targeting positively and negatively charged residues, to reveal
additional mechanistic information. Membrane interactions of these
cyclotides were studied by a combination of fluorescence spectros-
copy, ellipsometry, and circular dichroism, in order to investigate the
dependence of membrane affinity and lytic properties on membrane
composition, electrostatics, and peptide structure.

2. Materials and methods
2.1. Chemicals

Phospholipids used were 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and sodium 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA) both
of >99% purity, and a polar lipid extract from Escherichia coli (containing
67 mol% phosphatidylethanolamine, 23 mol% phosphatidylglycerol,
and 10 mol% diphosphatidylglycerol) obtained from Avanti Polar Lipids
(Alabaster, AL). Cholesterol (>99%) was obtained from Sigma-Aldrich
(Steinheim, Germany), while poly-L-lysine (106-206 kDa) was from

Sigma-Aldrich (St. Louis, MO). Water used was from a Millipore Milli-Q
Plus 185 ultra-pure water system. Other chemicals were of analytical
grade. If not stated otherwise, measurements were performed at 37 °C
in 10 mM Tris buffer at pH 7.4, containing 5 mM glucose (ionic strength
0.006).

2.2. Plant material and extraction

Kalata B1 and B2 (kB1 and kB2) were isolated from Oldenlandia
affinis D.C. (Rubiaceae), and cycloviolacin 02 (cyO2) was isolated from
Viola odorata L. (Violaceae), as previously described [20]. Briefly, the
dried plant material was extracted using 60% methanol in water,
followed by liquid-liquid extraction with dichloromethane. Polar
substances in the extracts were removed by loading the aqueous
phase onto C18 material, which was washed with 30% methanol (aq)
followed by elution of the cyclotides with methanol. The cyclotide
containing fraction was concentrated, diluted with water and
subjected to preparative reverse phase (C18) HPLC for isolation of
individual cyclotides, to a final purity of >95%.

2.3. HPLC

An AKTA basic HPLC system equipped with a UV-detector
(Amersham Biosciences, Uppsala, Sweden) was used for all HPLC
experiments. Cyclotides were detected at 215, 254, and 280 nm. A
ReproSil-Pur C18-AQ column (250x 20 mm i.d., 10 um, 300 A) was
used for preparative HPLC of the plant extracts, using a linear gradient
from 10% acetonitrile in 0.05% trifluoroacetic acid (buffer A) to 60%
acetonitrile in 0.045% trifluoroacetic acid (buffer B) over 45 min at a
flow rate of 5.0 mL/min. To further purify native and modified
peptides, an ACE C18 column (250x 10 mm i.d., 5um, 300 A) or a
Vydac Everest C18 column (250 x 4.6 mm i.d., 5um, 300 A) was used
with a linear gradient from 30% to 70% buffer B over 60 min at a flow
rate of 4.0 or 1.0 mL/min, respectively.

2.4. Chemical modifications

The Glu residue of cyO2 was esterified by slowly adding 1.0 mL of
acetyl chloride to 6.0 mL of dry methanol [21], stirring the mixture at
room temperature for 5 min, then adding the mixture to 3.0 mg of dry
peptide before incubation at room temperature for 1 h, and finally
quenching the reaction by adding 13 mL of water. For acetylation of
the two Lys residues, 1.8 mg of cyO2 was dissolved in 3 mL of 50 mM
NH4HCOs3, adding the mixture to 30 pL acetic acid anhydride in 450 pL
dry methanol [22], and then incubating the mixture at room
temperature for 2 min, before quenching the reaction by adding
6.0 mL of water. After quenching, the products of all the reactions
were immediately purified by HPLC to avoid side reactions. The
isolated peptide derivatives, cyO2-Glu and cyO2-Lys showed an
increase in mass of 14 and 84 Da, respectively. The selectivity of the
chemical modifications was confirmed by MS/MS (Q-Tof Micro™;
Waters, Milford, MA). The purity of the native peptides was
determined by analytical RP-HPLC (Phenomenex C18, 250 x 4.6 mm
i.d, 5mm, 300 A) using a linear gradient from buffer A to B. All
peptides were >95% pure.

2.5. Cytotoxicity assay

The cytotoxicity of kB1, kB2, and cyO2 was analyzed using the
lymphoma U-937 GTB, colon adenocarcinoma, HT29, and colorectal
cancer cell line Ht116 in the fluorometric microculture cytotoxicity
assay (FMCA) [23,24]. The FMCA is a cell viability assay used for
measurement of the cytotoxic and/or cytostatic effect in vitro, based
on hydrolysis of fluorescein diacetate (FDA) by esterases in cells with
intact plasma membranes.
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Peptides were dissolved in 10% ethanol and dilution series were
prepared in V-shaped, 96-well microtiter plates (Nunc, Roskilde,
Denmark) using 20 pL of peptide test solution per well. Also, six blank
wells (200 pL per well of cell-growth medium) and six solvent-control
wells (20 pL per well of 10% ethanol) were prepared on each
microtiter plate. Tumor cells suspended in cell-growth medium
were dispensed on the microtiter plates (20,000 cells/180 uL per
well) and incubated for 72 h at 37 °C and 5% CO,.

The cells were washed with PBS, and fluorescein diacetate added
to each well after 40 min. The generated fluorescence was measured
using a scanning fluorometer (excitation/emission wavelengths,
485/538 nm) (Fluoroscan II, Labsystems OY, Helsinki, Finland). ICsq
values were calculated by non-linear regression in GraphPad Prism 4
(GraphPad Software, Inc., San Diego, CA, USA).

2.6. Liposome preparation

Dry lipid films (DOPC, DOPC/cholesterol (60/40 mol/mol), DOPC/
DOPA (50/50 mol/mol), or E. coli lipid extract) were formed on flask
walls by dissolving dry phospholipids in chloroform, followed by
evaporation under a nitrogen gas flow and subsequently placed in
vacuum overnight at room temperature. The lipid films were then
resuspended in 100 mM 5(6)-carboxyfluorescein (Acros Organics,
Geel, Belgium)(CF) in 10 mM Tris, pH 7.4, and subjected to 10 cycles
of freezing in liquid nitrogen and thawing at 60 °C while vortexing.

Polydispersity and lamellar structures were reduced by repeated
extrusion through 100 nm polycarbonate membranes mounted in a
LipoFast mini-extruder (Avestin, Ottawa, Canada), and separated
from un-trapped CF by gel filtration on a Sephadex G-25 column
(Amersham Biosciences, Uppsala, Sweden). Alternatively, for ellipso-
metry and E. coli liposome preparation, the dried phospholipid films
were re-suspended in Tris buffer at 50-60 °C while stirring for 30 min,
to a concentration of 10 mM. The suspension was then vortexed and
repeatedly extruded through a polycarbonate filter of 100 nm pore
size (and subsequent 30 nm pore size for ellipsometry).

The method is well established in our laboratory [25-28], and the
choice of lipids offers several methodological advantages due to the
long, symmetric and unsaturated acyl chains of DOPC. In particular,
membrane cohesion is good, which facilitates stable, unilamellar, and
largely defect-free liposomes (observed by cryo-TEM) and well
defined supported lipid bilayers (observed by ellipsometry and
AFM), allowing very detailed values on leakage and adsorption to be
obtained. Lipid concentration was calculated from comparing CF
content between batches, using the maximum leakage level.

2.7. Liposome leakage assays

Membrane permeability was measured by monitoring CF efflux
from the liposomes to the external low concentration environment,
resulting in loss of self-quenching and an increased fluorescence
signal with excitation and emission wavelengths of 492/517 nm [29].
The fluorescence signal was measured with a SPEX Fluorolog-2
spectrofluorometer (SPEX Industries, Edison, NJ).

Measurements were conducted in 1cm quartz cuvettes while
stirring, at a fixed lipid concentration of 10 pM. In each experiment,
initial signal acquisition for 10 min revealed any spontaneous leakage.
The effects of each peptide concentration on the liposome systems
were monitored for 30 min, at which point the initial leakage had
largely subsided. The results are expressed as percent of total
disruption, generated after adding of 0.05 wt.% Triton X-100 and
subtracting the baseline value.

2.8. Ellipsometry

Peptide adsorption to supported lipid bilayers was studied by in
situ null ellipsometry, using an Optrel Multiskop ellipsometer (Optrel,

Kleinmachnow, Germany), equipped with a 100 mW argon laser
(532 nm) at an angle of incidence of 67.66°. The adsorption was
monitored using measurements of adsorption-induced changes in
amplitude and phase of light reflected at the adsorbing surface. From
this, the adsorbed amount was obtained according to de Feijter et al.
[30], using a refractive index increment of 0.154 cm?®/g [31,32].

Corrections were routinely made to compensate for any change in
bulk refractive index caused by alterations in temperature or excess
electrolyte concentration. The bilayer-supporting surfaces were
polished silica slides with a 30 nm thick oxide layer (Okmetic,
Espoo, Finland). These were cleaned for 5 min at 80 °C in aqueous
solutions of 3.6% NH4OH and 4.3% H,0,, followed by 4.6% HCI and 4.3%
H,0,. The slides were then stored in 99.7% ethanol and cleaned by
plasma discharges for 5 min at 18 W in 0.2 Torr residual air prior to
use, using a Harrick Plasma Cleaner PDC-32G (Harrick Plasma, Ithaca,
NY). This procedure results in surfaces with an advancing contact
angle against water of less than 10°, and a z-potential of —45 mV [33].

Prior to lipid bilayer deposition, the slides were precoated with
100 ppm polylysine for 30 min at 25 °C and subsequently rinsed with
10 mM Tris, pH 7.4. The liposomes were then added to the cuvette at a
lipid concentration of 60 uM, and the resulting adsorption monitored.
After liposome adsorption and fusion had stabilized, residual
liposomes were removed by rinsing with Tris buffer. After lipid
bilayer formation and adjustments for buffer and temperature,
peptides were added cumulatively from 1/16, 1/4, 1, 4 to 16 uM,
and the adsorption at each concentration monitored for 40 min (well
after adsorption saturation was reached). Results presented are from
duplicates of separate experiments.

2.9. Circular dichroism

Secondary structure of peptides was determined using a JASCO
]810 spectropolarimeter (JASCO Corporation, Easton, MD) monitoring
changes in the 200-260 nm range at 37 °C in 1 mM Tris buffer (pH
7.4), with stirring in a 1 cm quartz cuvette. Signals from the peptides,
at a concentration of 8 uM, were measured in buffer alone and after
30 min of liposome incubation at a peptide:lipid ratio of 1:30. Each
presented spectrum was obtained by accumulations of 15 scans at a
rate of 50 nm/min. To avoid instrumental baseline drift between
measurements, the background value (detected at 260 nm, where no
peptide signal is present) was subtracted for each individual sample
measurement. Signals were also corrected for non-peptide compo-
nents, i.e., buffer and liposomes.

2.10. Liquid chromatography-mass spectrometry

LC-MS was used to detect lipids released from the supported
bilayer. Samples of 500 uL were taken from the cuvette during
ellipsometry measurements, both immediately prior to peptide
administration and 40 min after 0.25 uM peptide administration, at
which point peptide adsorption and/or lipid desorption equilibrium
had been reached. The samples were freeze-dried and re-solubilized
in 20 pL acetonitrile/ chloroform (1/1, v/v), and diluted with 180 L
acetonitrile/water (4/1, v/v). The E. coli polar lipid extract, used as
reference, was prepared identically to a final concentration of 1 ng/pL.
A volume of 20 pL was injected for analysis, using a Shimadzu LC10
HPLC system connected to a Thermo-Finnigan LCQ electrospray ion
trap MS operated in the negative ion mode as outlined in ref. [34]. The
capillary temperature was set at 210 °C and the spray voltage at
5.0 kV. Separation was done using a Waters XTerra MS C8 column
(150% 2.1 i.d. mm, 3.5 pm, 125 A) at a flow-rate of 0.2 mL/min and by
the following gradient of solvent B (100% acetonitrile) in A (50%
acetonitrile in 20 mM ammonium acetate buffer, pH 6.7): 0-5 min
isocratic at 5% solvent B in A; 5-20 min, 5-70% B; 20-50 min, 70-100%
B, 50-59 min, isocratic at 100% B; 59-60 min, 100-5% B.
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Table 1

Cytotoxic activity of kalata B1 (kB1), kalata B2 (kB2), and cycloviolacin 02 (cy02)
against U-937 GTB lymphoma, HT29 colon adenocarcinoma, and Ht116 colorectal
cancer cells.

Cancer cell line kB1 ICsg (UM) kB2 ICsp (UM) cy02 ICsq (UM)
U-937 GTB 50+£0.7 1.7+0.5 0.7+£1.5
HT29 146+1.2 50403 534+1.0
Ht116 82+04 29+0.2 1.9+0.1

3. Results

3.1. Cytotoxicity

The cytotoxic effect of native cyclotides was determined using cell
lines of lymphoma (U-937GTB) colorectal cancer (Ht116) and colon
adenocarcinoma (HT29). As shown in Table 1, and by the concentration—
response graphs provided as Supplementary Data (Fig. S1), all cyclotides
showed concentration-dependent cytotoxicity in the low LM range, but
with significant differences in potency between cyclotides and cell lines.
Overall, cyO2 is the most potent of the cyclotides investigated, followed
by kB2 and kB1. The effect was strongest against U-937 GTB, which is
known to be sensitive to a wide range of cytotoxic agents.

3.2. Liposome leakage

Fig. 2 shows the leakage induced by the addition of cyclotides (0.1
to 20 uM) to liposomes of different compositions. In analogy to the
cytotoxicity results, cyO2 was the most potent cyclotide against all
liposomes, followed by kB2 and kB1. Liposomes containing choles-
terol displayed reduced susceptibility to all cyclotides investigated,
to the degree that no activity was observed for kB1 at the highest
concentration tested.

R. Burman et al. / Biochimica et Biophysica Acta 1808 (2011) 2665-2673

Cy02 is clearly more potent against anionic DOPC/DOPA liposomes
than against liposomes containing only zwitterionic DOPC, whereas kB1
and kB2 have the same or slightly less activity towards anionic liposomes
compared to the zwitterionic ones. This finding suggests that membrane
disruption of cy02 is more dependent on electrostatic interactions.

These results are consistent with the higher number of positively
charged residues and the positive net charge of cyO2. To investigate
the impact of charge interactions, cyO2 was then subjected to
chemical modifications to produce derivatives in which positive and
negative charges have been neutralized, and tested against the same
liposomes. These charge modifications of cyO2 have previously shown
to play a key role for cytotoxic and bactericidal effects [9,12]. Thus,
cy02 derivatives containing acetylations of the two Lys residues
(cyO2-Lys) and the methyl ester of the Glu residue (cyO2-Glu) were
tested against anionic DOPC/DOPA liposomes. As shown in Fig. 3,
leakage induced by cyO2-Lys was slightly lower than that induced by
native cy02, in line with the suggested role of charge interactions. Cy02-
Glu on the other hand showed stronger lytic effect on DOPC/DOPA
liposomes than native cyO2.

The order of potency of cyO2 and cyO2-Glu is contrary to the
previous results of the bactericidal and cytotoxic effects of these
charge derivatives [9,12]. Bearing in mind that the chosen lipid
compositions are simplified models of lipid membrane compositions
in vivo, liposomes of E. coli lipids were used in a follow up experiment.
Notably, using E. coli liposomes the effect of native cyO2 increased by a
factor of 50 compared to that at DOPC/DOPA, whereas the lytic activity
of cy02-Glu was identical on E. coli and DOPC/DOPA liposomes.

3.3. Membrane adsorption and depletion

Cyclotide adsorption on DOPC/DOPA bilayers (Fig. 4) followed the
same trend as the leakage experiments. That is, the adsorption level
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Fig. 2. Membrane-disruptive activity of native cyclotides. The graphs display percent leakage from liposomes composed of DOPC, DOPC/Cholesterol (Chol.), and DOPC/DOPA, relative
to total disruption caused by the positive control Triton X-100. Experiments were performed in triplicates; error bars show standard deviations.
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Fig. 3. Membrane-disruptive activity of native and chemically modified cycloviolacin 02 (cy02). The graphs display percent fluorescence leakage from liposomes composed of DOPC/
DOPA and E. coli polar lipid extracts, relative to total disruption caused by the positive control Triton X-100. Experiments were performed in triplicates; error bars show standard

deviations.

was highest for cy02, reaching 136 nmol/m? at the maximum
concentration tested (16 pM). This corresponds to a peptide:lipid
molar ratio of 1:35 (with an approximated surface area per lipid of
70 A?). KB1 and kB2 showed considerably lower adsorption, 13 nmol/
m? and 5 nmol/m?, respectively. Furthermore, the adsorption increased
for cy02-Glu, reaching 486 nmol/m?, whereas cyO2-Lys displayed
lower adsorption, 113 nmol/m?, compared to the native peptide
(Fig. 5). CD spectroscopy indicated that the structures of cyO2 and its
derivatives were slightly more ordered in the presence of DOPC/DOPA
liposomes (Fig. S2, Supplemental Data).

The adsorption of cyO2-Glu to E. coli membranes was similar to
the adsorption to DOPC/DOPA membranes, which is in agreement
with the leakage results. However, the adsorption curve for native
cyO2 displayed a strikingly different profile, as shown in Fig. 6. In fact,
at the lowest peptide concentration the adsorption of native cy02
could not be determined since it caused a highly reproducible
depletion of the membrane of at least 114 1% of its mass, indicative
of a general thinning of the bilayer and release of lipids.

LC-MS was therefore used to assay lipids released into the buffer
surrounding the supported bilayer, using the lipidomic approach for
E. coli lipids as outlined by Oursel et al. [34]. As highlighted in Fig. 7, no
discernable amounts of bulk lipids could be detected prior to peptide
addition. In contrast, eleven known E. coli lipids could be identified
after peptide administration (Table 2). Two lipids in particular were
overrepresented, i.e., PE-C16:0/cyC17:0 and PE-C16:0/C18:1. In the
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Fig. 4. Adsorption of kalata B1, B2, and cycloviolacin 02 on supported DOPC/DOPA
bilayers. The experiments were conducted in 10 mM Tris buffer, pH 7.4, at 37 °C. Low
adsorption was observed for kalata B1 and B2 (kB1, kB2), while cycloviolacin 02 (cy02)
displayed more extensive adsorption.

bulk, these two lipids represented 33% and 35% of the relative lipid
content, respectively, which is more than twice as much as in the
E. coli bilayer in which they represent 16% each.

4. Discussion

In the present study we demonstrate that the lytic effects of
cyclotides are dependent both on their structure and the composition
of the lipid membrane. Furthermore, we show that PE-lipid extraction
is involved in the disruptive mechanism. The prototypic cyclotides
kB1 and kB2 from the Mobius subfamily and cyO2 from the bracelet
subfamily, as well as derivatives of the latter, were subjected to
leakage and adsorption assays, using zwitterionic, cholesterol con-
taining, anionic and, finally, E. coli membranes.

First however, the cytotoxicity of the three cyclotides was confirmed.
Although we have reported the cytotoxic activity of several Mobius
cyclotides before [3,20,35], this was the first time kB1 and kB2 were tested
in our assay. The result was in line with previous tests: cyO2 was more
potent than the Mdbius cyclotides. The activity on the cellular level was
matched by the order of potency using simplified human model
membranes, i.e., DOPC/cholesterol liposomes: cyO2 was the most potent
cyclotide followed by kB2 and kB1. Cholesterol decreased the activity for
all cyclotides, and totally precluded membrane lysis by kB1 at the highest
concentration tested. The condensing effect of cholesterol on membrane
lipid packing results in extended alkyl chain organization, which increases
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Fig. 5. Adsorption of cycloviolacin O2 variants on supported DOPC/DOPA bilayers. The
experiments were conducted in 10 mM Tris buffer, pH 7.4, at 37 °C. Cycloviolacin 02
(cy02) and its chemically modified variants (Lys and Glu) all displayed high levels of
adsorption, but particularly so the cyO2-Glu variant.
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A, Representative adsorption curves by ellipsometry for cycloviolacin 02 (cy02) and its
Glu-modified variant on supported E. coli membranes. A decrease in membrane mass is
recorded by initial cy02 administration, followed by conventional adsorption isotherms
at cumulatively increased peptide concentrations. Arrows indicate each peptide
administration. B, Comparison of adsorption isotherms between cyO2 and cyO2-Glu
for DOPC/DOPA and E. coli bilayers: the negative values were recorded with low
concentrations of cyO2 on E. coli, as a result of membrane depletion.

bilayer thickness. It also reduces lateral density fluctuations and thereby
also undulations of the bilayer [36]. These effects in turn results in reduced
permeability and an increased lateral compressibility modulus, which
increases deformation energy required for bilayer penetration [37,38]. As
a consequence, the presence of cholesterol generally opposes peptide

Ref

/ Before
A After

A

Abundance

25 30 35 40
Time (min)

Fig. 7. LC-MS analysis of released phospholipids. The base peak ion (BPI; m/z 675-775)
chromatogram at the top shows the reference solution (Ref) of liposomes constructed
from the E. coli polar lipid extract. The lower two traces shows the BPI chromatograms
(m/z 715-717) for PE C16:0/C18:1, before and after adding cycloviolacin 02 to the
ellipsometry experiment. This example demonstrates that phospholipids had been
released into the bulk solution. Similarly, the presence of all phospholipids that were
found in the reference solution was searched for in Before/After MS traces by extracting
the BPI chromatogram using their specific masses.

Table 2

CyO2-mediated lipid release from supported bilayer.
E. coli phospholipids® MW Ref (%)° Extracted (%)
PG-C14:0/C18:1, -C15:0/cyC17:0, -C16:0/C16:1 719 3 0
PG-C18:1/C16:1 745 2 0
PG-C16:0/cyC17:0 733 5 2
PG-C16:0/C16:0 721 1 0
PG-C16:0/C18:1 747 12 6
PG-C18:1/C18:1 773 8 4
PE-C15:0/cyC17:0, -C16:0/C16:1 688 11 5
PG-C16:0/cyC19:0 761 3 1
PE-C18:1/C16:1, -cyC17:0/cyC17:0 714 6 2
PE-C16:0/cyC17:0 702 16 33
PE-C16:0/C16:0 690 2 1
PE-C16:0/C18:1 716 16 35
PE-cyC19:0/cyC17:0, -C18:1/C18:1 742 9 7

S

PE-C16:0/cyC19:0,-C18:0/cyC17:0,-C17:0/C18:1 730 5

% In order of elution from RP-HPLC, other phospholipids represent <1% of the
reference E. coli polar lipid extract.
b Percent of the total phospholipid composition with standard deviations less than 1.5.

adsorption and penetration into the membrane (but not necessarily the
disruptive power of the actual adsorbed amount) [25]. Furthermore,
cholesterol has been found to have an extremely high rate of translocation
between the leaflets of the 400 bilayer [39], which is likely to have a
moderating effect on peptide curvature strain influence. The tested
cyclotides respond to cholesterol in a similar manner to other membrane
active antimicrobial peptides [25,40].

The factor of membrane charge was then introduced to determine the
effect of the relatively high net charge of cyO2 for activity. In addition, the
inclusion of negatively charged DOPA to the liposomes serves to mimic
bacterial membranes. CyO2 carries a net charge of 42 compared to +0
and —1 for kB1 and kB2, respectively. Hypothetically the electrostatic
effect of a negatively charged membrane would confer a decrease in
activity in that order. Indeed, the lytic activity of cyO2 increased for the
anionic DOPC/DOPA membranes; the neutral kB1 showed essentially
identical effects as against neutral DOPC liposomes; and the net
negatively charged kB2 even displayed a decreased effect towards the
anionic liposomes. The reduced lytic effect of cyO2-Lys towards DOPC/
DOPA membranes corroborates the importance of electrostatic interac-
tions between cy02 and the target membrane.

For the native cyclotides, membrane adsorption followed the same
pattern as the lytic activity. Thus cyO2, which displays the highest lytic
potency, has highest affinity towards immobilized DOPC/DOPA mem-
branes, whereas kB1 and kB2 both show weak lytic properties and low
adsorption. In this context it is interesting to note that the orientation
when binding to membranes differ for the cyclotide subfamilies [17], as a
result of different locations of their main hydrophobic patch. Analysis of
the surface profile of cyO2 shows that its membrane-binding hydropho-
bic patch stretches over loops 2 and 3, in contrast to those of kB1 and kB2,
which predominantly involve loops 2, 5, and 6. Moreover, the peptides
differ significantly in hydrophobicity when focusing on the solvent
exposed area of each residue: net hydrophobicity is higher for cy02
compared to kB1 and kB2 (Fig. 8A). However, adsorption to the
membrane is essential for membrane-lytic activity, but the degree of
lytic potency and the level of adsorption are not always proportional
[25,27,28].

We then focused our studies towards the most potent cyclotide,
cy02. Prompted by the clear influence of electrostatics, and the previous
results regarding structure activity relationships for its cytotoxic [12]
and antibacterial effects [9], cyO2 was subjected to chemical modifica-
tions targeting the charges of Lys and Glu. CyO2-Lys, the derivative with
two positively charged Lys residues masked by acetylation, showed
reduced lytic effect and adsorption compared to native cyO2. These
results towards DOPC/DOPA membranes corroborate the importance of
electrostatic interactions between cy02 and the target membrane.

Cy02-Gluy, on the other hand, represents an increase in net positive
charge by neutralization of the anionic glutamate residue, which then
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Fig. 8. Cyclotide surface hydrophobicity and structural flexibility. A, Surface represen-
tations of the Mobius cyclotides kalata B1 and B2, and the bracelet cyclotide
cycloviolacin 02 (cy02). Hydrophobic residues (Ala, Leu, Ile, Pro, Trp, Phe, and Val)
are shown in green, cationic residues (Arg and Lys) in blue, anionic residues (Asp and
Glu) in red, and other residues in white. Note the hydrophilc patch around the Glu
residues. Peptide hydrophobicity is calculated from the sum of the Kyte-Doolittle
hydropathy index [53] per percentage of each residues solvent exposure area. The latter
is assessed by the MOLMOL software using structures solved by NMR (PDB ID: 2KNM,
IPT4, and 1NB1). B, NMR solution structures of cyO2 (PDB ID: 2KNM) and its Glu methyl
ester (PDB ID: 2KNN). The peptide backbones of the final families of 20 structures are
overlaid, demonstrating the disorder/flexibility of loop 3 of cy02-Glu.

should increase its electrostatic membrane attraction. This was also
the case, the lytic activity increased slightly against DOPC/DOPA as
compared to the native peptide, but the adsorption increased
dramatically. That increase made it reasonable to assume that ad-
ditional structural differences may contribute.

In fact, esterification of Glu has been shown to break internal
hydrogen bonds that stabilize the cyclotide structure, in particular the
helical loop 3 that is tied to the core of the peptide through those
bonds [12,41]. Disruption of that loop causes decreased cytotoxic
[12,41] and antibacterial [9] activities (on bacteria with similar lipid
compositions as our E. coli model [42]). However, using DOPC/DOPA
liposomes the effect was the opposite, i.e., destabilization of the
structure rendered the peptide more membrane active.

Strikingly, using E. coli liposomes, the order of potency for cy02
and cy02-Glu was reversed. Although cy02-Glu displayed the same
activity for both types of lipid compositions, the potency of native
cy02 increased by a factor of 50. In that context, it should be noted

that liposomes of DOPC/DOPA and E. coli lipids have similar charge
densities both in terms of anionic composition and zeta-potential
[27,28]. Hence, in addition to membrane charge density and cholesterol
content, cyclotide membrane disruption also depends on the finer
details of cyclotide-membrane interactions.

A previous study [41] of the structural aspects of cyO2-Glu revealed
that the modification leads to relaxation of loop 3, followed by increased
flexibility (Fig. 8B). In fact, this may contribute to adsorption: relaxation
of an alpha helix confers higher adsorption levels if that structure again
is stabilized by the interaction with the lipid membrane [43,44]. That
transition can be followed by e.g. CD spectroscopy. But because of the
complexity of the CD spectra for such highly knotted structures as
cyclotides, the degree of helix induction by adsorption could not be
quantified with certainty. However qualitatively, the CD spectra for the
cy02 variants indicated that the amount of ordered structures increased
upon membrane binding due to helix formation. This effect was more
pronounced for cyO2-Glu compared to its analogues, indicating that this
is an adsorption discriminating factor.

Other possible contributing factors may be that an unorganized
hydrophobic loop 3 either associate more closely with the rest of the
hydrophobic patch (e.g. loop 2) due to a higher flexibility and thus
render the cyclotide more amphiphilic, or facilitate interaction with the
membrane interior and anchoring the peptide in a more energetically
favourable way.

Cy02-Glu shows essentially identical leakage inducing properties
towards the anionic DOPC/DOPA and E. coli liposomes, while native
cy02 is about 50 times as potent against the latter. This suggests that
membrane lysis by cyO2 is sensitive towards variations either in the
specific compositions of the alkyl groups (pure unsaturated dioleoyl
C18:1 vs. ~50% saturated C16:0 and C14:0; ~50% unsaturated C18:1 and
C16:1) or to the phosphatidyl groups (choline and acid vs. ethanolamine
and glycerides). The nature of the sensitivity observed, is neither
directly related to the overall membrane charge nor to the presence of
liquid order phase. This specificity was supported by ellipsometry data
using E. coli liposomes: native cyO2 gave a decrease in membrane mass
with the initial peptide administration, followed by conventional
adsorption isotherms with cumulatively increased peptide concentra-
tions. Using LC-MS, we were able to demonstrate that certain PE-lipids
are extracted from the membrane. Since the depletion of the membrane
was shown to be a smooth process over time with a high degree of
reproducibility between triplicate experiments, and with subsequent
stabile isotherms, the mechanism involved is likely not sudden
detachment of large membrane patches. More likely, the process
involves a diffuse process of PE-specific micellisation of peptide-lipid
complexes over the entire membrane surface.

The loss of mass from the bilayer represents at least 11%, which
must leave a significant contribution to membrane leakage. In the case
of cy02, membrane depletion is most likely due to peptide-lipid
rather than peptide-peptide interactions because of the following
reasons: firstly, depletion is primarily observed at low concentration
of cy02, opposite to expectations from concentration-dependent
peptide oligomerisation. Secondly, the loss of mass is specific for the
membrane composition and independent of the electrostatics of the
membrane. This peptide-lipid interaction responsible for the ob-
served membrane depletion can be direct, i.e. lipid specific affinity for
the peptide, or indirect, i.e. curvature stress dependent demixing of
lipids which by lipid packing factors energetically favour peptide
accumulation within specific patches. PE-lipids normally have a
negative curvature contribution to the membrane. As such, they are
beneficial for balancing curvature stress from an interfacial expanding
peptide (i.e., a peptide that contributes to positive curvature as a
consequence of shallow penetration). This may explain the preferen-
tial extraction of certain PE lipids, since they are the phospholipids
expected to associate with the peptide microenvironment within the
membrane and therefore more likely to be incorporated in detached
aggregates, rather than lipids of more positive packing parameters. If
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the component extraction is driven by a phospholipid-specific affinity
due to peptide structure and electrochemical properties, or demixing
by means of curvature effects alone, remains to be shown.

In either case, the specific peptide lipid interaction puts a new
angle on the proposed pore forming model of cyclotides [18,19]. That
proposed mechanism is dependent on peptide-peptide interactions
exploiting a “bioactive face", i.e., the hydrophilic patch around the
conserved Glu residue (Fig. 8). Judged from the results in the current
study, that patch is instead involved in the interaction with PE-lipids
to directly or indirectly contribute to membrane depletion.

When placing the preferential extraction of PE in perspective, it is
noteworthy that several unrelated proteins and peptides are known to
bind PE with various degrees of selectivity. These include the family of
phosphatidylethanolamine (PE)-binding proteins (PEBPs) [45], the
lanthionine-containing peptide antibiotics, e.g., duramycin [46], and
recently the oligomeric amyloid-beta peptide (Abeta) that seem to
preferentially bind to PE [47]. The preferential binding of Abeta to PE lipids
may reflect a similar preference of other amyloid peptides. For example,
the amyloidogenic peptide islet amyloid polypeptide (IAPP, also known as
amylin) has been suggested to facilitate the formation of torodial pores by
induction of excess membrane curvature [48]. In these cases it seems that
PE-binding play a role for peptide adhesion to the membrane (PEBPs and
Abeta), or, in the case of duramycin, membrane destabilization. In
addition, kalata B1 and B6 have also been shown to have high affinity
towards PE-containing immobilized liposomes, using surface plasmon
resonance [ 14]. To our knowledge, actual extraction of specific membrane
components similar to what was observed for cyO2 in the current work is
limited to the example of cyclodextrin and cholesterol [49,50].

It is becoming evident that membrane interactions are central for
the biological effects of cyclotides. The results of the present study
underpin a mechanism involving lipid depletion followed by lysis,
which provides a plausible mechanism of action for the bactericidal
[9] effect of cyO2. The same mechanism may explain the cytotoxic
[13] and insecticidal [51] effects of cyclotides: microscopy studies
have shown that these events include disruption of the cell
membrane; in the case of the insecticidal activity, it has also been
shown that insect gut cell disruption is preceded by blebbing and
swelling. However, there are reasons to believe that different
cyclotides may have different modes of action. For example, a recent
study of kB1 suggested formation of multimeric pores in the
membrane [18], and the cyclotide like peptide MCoTI-II has been
shown to cross the cell membrane by micropinocytosis [52]. The
extraction of PE-lipids is of particular interest since it may be used as a
factor to control specificity: the outer leaflet of human cell
membranes displays low concentrations of PE-lipids as compared to
most bacteria. In the case of cy02-Glu and the native cy02, the data
presented here indicate that their lytic activity is partly mediated by
different mechanisms; the former purely by adsorption induced stress
while the latter also by increasing membrane susceptibility to that
stress by a phospholipid-specific depletion.

In conclusion, size and distribution of the hydrophobic surface, net
cationic charge, and the intramolecular hydrogen bonding potential of
the cyclotide, are all factors that influence membrane adsorption and
disruption of cyclotides. The magnitude of the individual contribution
of these factors is in turn governed by lipid membrane composition, in
terms of cholesterol and anionic composition. More surprisingly, we
identified a unique feature of the bracelet cyclotide cycloviolacin 02:
the ability of the native peptide to selectively target and destroy
membranes composed of E. coli lipids by a mechanism that includes
membrane depletion by PE-preferential extraction, and suggests that
membrane thinning precedes lysis. In fact, cy02 was 100-fold more
potent when tested against E. coli membranes than towards the
cholesterol containing DOPC membranes, which represent the
standard model for human cell membranes in our model system.
Albeit there is no comparative study of this selectivity in vivo (i.e., the
effect against E. coli vs. the effects on human cells in a comparable

experimental setting) the current work represents a potential turning
point for our view on cyclotides as antimicrobial agents.

Supplementary materials related to this article can be found online
at 10.1016/j.bbamem.2011.07.004.
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