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Pardaxin Permeabilizes Vesicles More Efficiently by Pore Formation
than by Disruption
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ABSTRACT Pardaxin is a 33-amino-acid neurotoxin from the Red Sea Moses sole Pardachirus marmoratus, whose mode of
action shows remarkable sensitivity to lipid chain length and charge, although the effect of pH is unclear. Here we combine optical
spectroscopy and dye release experiments with laser scanning confocal microscopy and natural abundance '3C solid-state
nuclear magnetic resonance to provide a more complete picture of how pardaxin interacts with lipids. The kinetics and efficiency
of release of entrapped calcein is highly sensitive to pH. In vesicles containing zwitterionic lipids (PC), release occurs most
rapidly at low pH, whereas in vesicles containing 20% anionic lipid (PG), release occurs most rapidly at high pH. Pardaxin forms
stable or transient pores in PC vesicles that allow release of contents without loss of vesicle integrity, whereas the inclusion of PG
promotes total vesicle collapse. In agreement with this, solid-state nuclear magnetic resonance reveals that pardaxin takes up
a trans-membrane orientation in 14-O-PC/6-O-PC bicelles, whereas the inclusion of 14-0-PG restricts it to contacts with lipid
headgroups, promoting membrane lysis. Pore formation in zwitterionic vesicles is more efficient than lysis of anionic vesicles,
suggesting that electrostatic interactions may trap pardaxin in several suboptimal interconverting conformations on the

membrane surface.

INTRODUCTION

The increasing occurrence of bacterial strains resistant to
conventional antibiotics demands a steady output of new
antimicrobial agents. The mode by which the bacteria gain
resistance against a single antibiotic has a tendency to
improve their tolerance to entire groups of antibiotics such
as the quinolones, sulfonamides, penicillins, and cephalospo-
rins. This means that even as the development of antibiotic
compounds becomes more difficult and costly, their
longevity for treating bacterial strains decreases. This makes
antimicrobial peptides attractive alternatives as new antibi-
otic compounds. The rate with which bacteria can become
resistant toward antimicrobial peptides is much lower, and
the resistance against one type does not seem to induce a
general increase in antimicrobial peptide resistance. A major
challenge is to ensure specificity toward bacterial cells. The
mechanism by which cationic linear antimicrobial peptides
interacts and permeates membranes has been thoroughly
studied and a consensus has been reached with regard to
three different models—the barrel-stave (1), carpet (2), and
toroidal pore models (3). The barrel-stave model is the only
one that requires the peptide to interact with the hydrophobic
core of the protein. For the two other models, the peptide is
positioned on the surface or in the headgroup region of the
lipid bilayer.

Pardaxin is a 33-amino-acid neurotoxin that was originally
isolated from the Red Sea Moses sole Pardachirus marmor-
atus in 1986 (4). Over the years, many studies have been
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done on pardaxin, addressing its mode of action (5,6), its
connection to peptide aggregation (7,8), and the effect of
factors such as pH and lipid composition (8—12). At molar
ratios of 1:50,000, pardaxin reduced the fluid lamellar-to-
inverted hexagonal phase transition temperature of POPE
vesicles; furthermore, the presence of anionic lipids or
cholesterol was found to reduce the peptide’s ability to
disrupt bilayers (13). Solid-state '>N nuclear magnetic reso-
nance (NMR) spectroscopy on mechanically aligned bilayers
showed that pardaxin aligned in the plane of POPC bilayers
but perpendicular to DMPC bilayers (13). Thus, pardaxin
mode of action is sensitive to the acyl chain of the bilayer,
leading to a barrel-stave mechanism in DMPC and the carpet
mechanism in POPC. This was later supported by solid-state
H NMR results that demonstrated that pardaxin induces
considerable disorder in both the headgroups and the hydro-
phobic core of POPC (14). Note, however, that these exper-
iments were done at pH 4.5, which is considerably different
from the neutral to slightly alkaline conditions that are natu-
rally encountered by pardaxin.

In another study, a combination of a vesicle permeation
assay and fluorescently labeled pardaxin has been used to
deduce that pardaxin forms pores with approximately six
molecules per pore (7). The interpretation is complicated by
the fact that the lipids used were a mix of naturally derived
lipids consisting of a mix of carbon lengths from 16 to 20
with varying degree of saturation as well as phosphatidylcho-
line and phosphatidylserine headgroups. Given that pore
formation appears to be highly lipid-specific, a combination
of different peptide-membrane interactions might be taking
place under these conditions. This makes it important to carry
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out studies under very well-defined conditions with simple
lipid compositions.

Given that pardaxin interactions are sensitive to lipid
composition, such as lipid headgroup charge, but that the
mechanism of interaction is unclear, we decided to investi-
gate the role of electrostatics in pardaxin-membrane interac-
tions using simple synthetic lipids. Accordingly, we use two
lipids with the same acyl (dioleoyl) chain but with different
headgroups, namely zwitterionic DOPC or anionic DOPG.
Our work was conducted using three different approaches:
First, we investigated the effect of headgroup charge (lipid
composition) and pardaxin protonation (at different pH
values) on the kinetics of vesicle disruption. Second, we
used this data to select a pH-value (8.0) to carry out real-
time analysis of pardaxin’s disruption of individual giant
unilamellar vesicles (GUVs) using laser scanning confocal
microscopy (LSCM). Third, we performed a structural anal-
ysis of the interaction between pardaxin and lipids using
natural abundance '*C solid-state NMR spectroscopy on
anionic and zwitterionic bicelles at pH 8.0. We find that
the kinetics of vesicle permeation by pardaxin are affected
by the pH and vesicle charge but are not simply linked to
favorable electrostatic interactions. LSCM measurements
clearly show that pardaxin forms pores in GUVs composed
of zwitterionic vesicles whereas it causes complete mem-
brane lysis when the GUVs contain anionic lipids. The
solid-state NMR data reveal that pardaxin interacts with
the zwitterionic lipids all along the lipid molecule, suggest-
ing a trans-membrane conformation. In contrast, when
anionic lipids are added, pardaxin interacts only with the
upper layer of the lipid membrane.

MATERIALS AND METHODS
Chemicals

The following lipids were used: DOPC (1,2-di-oleoyl-sn-glycero-3-phospho-
choline); DOPG ((1,2-di-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]);
14-O-PC  (1,2-di-O-tetradecyl-sn-glycero-3-phosphocholine);  6-O-PC
(1,2-di-O-hexyl-sn-glycero-3-phosphocholine); and 14-O-PG (1,2-di-O-
tetradecyl-sn-glycero-3-[phospho-rac-(1-glycerol)]). All lipids were from
Avanti Polar Lipids (Alabaster, AL). Protected amino acids, EDT (1,2-
ethane dithiole), TIPS (triisopropylsylane), DCM (di-chloromethane), DMF
(dimethylformamide), DIPEA (n,n-diisopropylethylamine), HBTU ((1H-
benzotriazolyl)-1,1,3,3-tetramethyl-uronium hexafluorophosphate), acetoni-
trile Chromasolv (Sigma-Aldrich) gradient grade, TFA (trifluoroacetic acid),
sucrose 99.5% purity, and D(+) glucose 99.5% purity were from Sigma
(St. Louis, MO). DiIC18 (3) and Alexa*®® and Alexa® hydrazide were
from Invitrogen (Carlsbad, CA). Calcein disodium salt was from Fluka
(Buchs, Switzerland).

Peptide synthesis

Pardaxin (sequence GFFALIPKIISSPLFKTLLSAVGSALSSSGGQE) was
synthesized on an automatic Liberty microwave-assisted peptide synthesizer
(CEM, Tokyo, Japan) by solid-phase synthesis using standard Fmoc chem-
istry on Wang resin essentially as described in Nielsen et al. (15). Further
details are provided in the Supporting Material.
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Calcein release assay measured by fluorescence

Large unilamellar vesicles containing 40 mM calcein were extruded and de-
salted as described (16). All extruded vesicles were used within two days after
production. All fluorescence measurements were conducted on a Cary Eclipse
Fluorescence spectrophotometer (Varian, Palo Alto, CA). Release of free cal-
cein from the vesicles and the subsequent increase in fluorescence was moni-
tored by excitation at 490 nm, recording emission at 515 nm every second
using a slit-width of 2.5 nm for both monochromators. The time delay
between each measurement was set to 0.2 s. The vesicles were diluted in
buffers with the desired pH values to a concentration of ~0.017 g/L (20 uM),
leading to a maximum emission signal of ~200 units under these settings.
A 10-mm quartz cuvette with magnetic stirring was used and the vesicle
solution was allowed to equilibrate thermally for a minute before starting to
record fluorescence. For each recording, pardaxin was injected and emission
was followed until it reached a plateau (typically after several minutes). As
calcein fluorescence is pH-sensitive and varies by approximately a factor of
5 within the pH range used here, we normalized the emission change at
each pH with regard to maximum change, operationally defined as the fluo-
rescence level obtained when 1% of Triton X-100 is added.

Laser scanning confocal microscopy (LSCM)
measurements

Giant unilamellar vesicles (GUVs) were prepared by the electroformation
method originally described by Angelova and Dimitrov (17). The GUVs
were electroporated using a home-built electroformation chamber partly
built on the specifications published by Bagatolli and Gratton (18). Further
information is provided in the Supporting Material. Vesicles in 10 mM Tris
pH 8.0 were equilibrated to room temperature on the microscope slide for
15-20 min before measuring. GUVs were observed with an LSM 510 scan-
ning confocal microscope (Zeiss, Jena, Germany). Excitation of Alexa488,
Alexa°33, and Dil was done at 488, 633, and 543 nm, respectively. Fluores-
cence emission was measured at 505-548, 650-700, and 558-612 nm for
Alexa*®®, Alexa®, and Dil, respectively. Ten microliters of 30 uM pardaxin
dissolved in deionized water was injected into the microcopy chamber
outside the field of vision, and the measurements started immediately after-
ward with images recorded every 15 s. Typically no changes were observed
for the first 1015 min after injection, probably due to slow diffusion of
peptides into the field of vision in the viscous sucrose medium. Vesicle lysis
was usually preceded by fluctuating vesicle movement associated with bulk
solution changes, indicating the arrival of peptides diffusing in a lower-
viscosity solution. Controls with addition of equivalent amounts of deion-
ized water and buffer were performed but none of them showed signs of
vesicle disruption.

Secondary structural changes measured
by circular dichroism spectroscopy

Circular dichroism (CD) studies were performed on a model No. J-810
spectropolarimeter (JASCO, Hachioji City, Japan) with a model No.
PTC-348W1 temperature control unit (JASCO). Scan speed was set to
100 nm/min, slit-width 2 nm. All experiments were carried out at 25°C using
a 1-mm quartz cuvette. Each spectrum in titration experiments represents
a single sample (mixed 2—5 min before measuring) and based on an average
of three scans. Background spectra for the different buffer and additive solu-
tions without peptide were measured and subtracted to yield the final spectra.
Pardaxin concentrations were kept at 20 uM in either 20 mM phosphate
buffer at pH 5.5, 20 mM Tris at pH 8, or 20 mM Glycine buffer at pH 10.

Changes in lipid chain conformation measured
by solid-state NMR

Bicelles were made from 14-O-PC, 6-O-PC, and 14-O-PG. All lipids were
solubilized in chloroform except for 14-O-PG, which was purchased as

Biophysical Journal 98(4) 576-585



578

a dry powder. Two different bicelle samples were prepared, one containing
only 14-O-PC and 6-O-PC at a molar ratio of 3.2:1 and the other containing
14-O-PC, 14-O-PG, and 6-O-PC at a molar ratio of 2.6:0.6:1. Each sample
contained a total of 56 mg of lipids. The lipids were dried separately over
a stream of nitrogen and left on vacuum overnight. Two-hundred microliters
of a 10-mM phosphate buffer (pH = 6.8) was added to the dry 6-O-PC and
briefly vortexed until solubilized. The clear solution of 6-O-PC was added to
the dry 14-O-PC/14-O-PG and vortexed in an ice bath for 20 min. After
a few heat-and-freeze cycles, the sample was transferred to a 3-cm-long,
5-mm tube and sealed. It was left at room temperature for 10 days. The final
sample is clear and viscous at ambient temperatures and becomes fluid
at <10°C. Pardaxin (peptide/lipids, 1:100) was added to the bicelle suspen-
sion as a lyophilized powder followed by agitation to allow solubilization.
Details on solid-state NMR measurements (19) can be found in the Support-
ing Material.

RESULTS

Conformational changes in pardaxin as function
of solutes

The motivation for these measurements was to gain a greater
understanding of the role of electrostatics in controlling par-
daxin-membrane interactions. Here we focus on the effect of
pH using two different lipid compositions. We initially look
at the secondary structure of pardaxin by far-ultraviolet (UV)
CD spectra for pardaxin in buffer and in the presence of 50%
TFE (2,2,2-trifluoroethanol), 10 mM DPC (dodecylphospho-
choline), 100% DOPC, and mixed vesicles containing 20%
DOPG and 80% DOPC. The secondary structure was not
significantly affected by pH. At pH 6-8, ~20% of the par-
daxin solution precipitated (according to Bradford assays
on the supernatant left after centrifugation), probably due
to the lack of overall charge in this pH range (see below).
However, no differences in the spectral characteristics could
be observed when we normalized for protein concentration
(data not shown). Representative spectra are shown in
Fig. 1. In both 50% TFE and 10 mM DPC, we observe
spectra that resemble that of a classical a-helical spectrum
with two local minima at 222 and 208 nm. For DOPC the
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FIGURE 1 CD spectra of 20 uM pardaxin in 20 mM phosphate-buffered

saline, pH 7.5 in the presence of TFE, DPC, 100% DOPC vesicles, and
DOPG/DOPC (20:80) vesicles.
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local minimum at 208 nm is much less pronounced than
for DPC and TFE, suggesting either a reduction in a-helicity,
a change in oligomerization state, or a change in the relative
orientation of the different helices (20-23). The change is
even more dramatic when we introduce 20% of the anionic
DOPG into the DOPC vesicles. The 208-nm minimum
almost completely disappears, indicating a further loss in
a-helicity.

The degree and kinetics of vesicles disruption
depends on pH and lipid charge

Having established that the ensemble structure of pardaxin is
not affected by changes in pH and thereby peptide proton-
ation, but is more sensitive to the solvent or amphiphile,
we next investigated how the protonation of pardaxin affects
its ability to permeate vesicles of both zwitterionic and
anionic composition. We measured the release of the fluores-
cent probe calcein from vesicles consisting of DOPC and
DOPG/DOPC (20:80) at pH 5.5, 8, and 10 where pardaxin
has a net charge of + 2, 0, and —1, respectively, according
to simple side-chain titration calculations. In the same pH
range, DOPC has a net charge of 0 and DOPG a net charge
of —1. Typical release profiles are shown in Fig. 2.

In contrast to the pH invariance displayed by the far-UV
CD spectra, the kinetics of calcein release are highly sensitive
to both pH and lipid type. Comparison of the two lipid types
reveals that 5—10-fold less pardaxin is required for maximum
disruption of DOPC vesicles (~20 nM) compared to DOPC/
DOPG vesicles (~100 nM at pH 5.5, ~240 nM at pH 8, and
~180nM at pH 10) (Fig. 3, A and B). This indicates a substan-
tial difference in the efficacy of permeabilization. Further-
more, the protein concentration needed for 50% calcein
release from vesicles ([pardaxin]SO%) varies by a factor of
2-3 for DOPC vesicles in the order pH 5 > pH8 > pH10.
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FIGURE 2 Two representative time profiles from the calcein release
experiments. The addition of pardaxin to DOPC/PG vesicles at pH 8 shows
a step-type time profile that can be fitted to a triple exponential decay,
whereas the time profile at all other conditions (pH 5.5-10 and both vesicle
types) follows a double-exponential decay.
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In contrast, the DOPC/DOPG vesicles are permeabilized two-
to-threefold more efficiently at pH 5.5 than at pH 8 and 10. We
attribute this preference for low pH to electrostatic interac-
tions between pardaxin (which is only positively charged at
pH 5.5) and the partially anionic lipids. However, the pH pref-
erence with regard to the zwitterionic DOPC vesicles is unex-
pected, and cannot be rationalized from simple electrostatic
considerations.

The release of calcein from DOPC vesicles at all three pH
values could be fitted to an equation involving two exponen-
tial decays (which fitted significantly better than a single
bimolecular reaction) (Fig. 2). This suggests that at least
two processes are occurring, leading in both cases to calcein
release. A similar behavior is observed for the DOPC/DOPG
vesicles, except at pH 8, where we consistently observe
a step-type function in which two exponential phases are
separated by a plateau (Fig. 2). This can fitted as a three-
phase process involving three exponential decays, in which
the second (intermediate) phase has an amplitude that is
opposite in sign to the first (fast) and last (slow) phase, lead-
ing to an apparent lag phase. The step-type appearance only
occurred at low pardaxin concentrations (<~10-15 uM).
Simulation using the program KinTek (24) indicated that
the concentration-dependence was consistent with the
following minimalist scheme:

A<B,
23©Bz7
B + Bz c>B37

where A is the nonbound state and B, B,, and Bj represent
different bound and membrane-permeabilizing states of par-
daxin (note that membrane binding is not incorporated
specifically into the simulation). In this scheme, the bimolec-
ular interaction 2B <> B, is rate-limiting at low pardaxin
concentrations but not at higher concentrations. However,
the intrinsic singularity problems associated with the fitting
of multiple exponential decays reduced reproducibility in
the determination of rate constants and amplitudes signifi-
cantly, compared to the two-exponential fits used for the

Pardaxin concentration (uM)

other kinetic profiles. Accordingly, we do not pursue
a more quantitative analysis of the kinetic behavior, but
restrict ourselves to concluding that at pH 8 with DOPG/
DOPC vesicles we observe an additional phase in the dye
release mechanism, which contributes to slowing the perme-
abilization process. This process may be promoted by the
overall neutrality of pardaxin at pH 8.0, which, in combina-
tion with the orientation, it assumes in the membrane (see
below)—allowing it to aggregate into higher-order structures
in the membrane environment. The complex Kkinetics at
pH 8.0 highlight yet another difference in pardaxin’s
DOPC/DOPG interactions compared to pure DOPC vesicles.

Several interesting features are exposed upon plotting the
half-lives of the different exponential phases versus pardaxin
concentration for DOPC vesicles (Fig. 4, A and C). It is
evident that release occurs much more rapidly at pH 10 than
at pH 5.5 and 8. Furthermore, the half-life of release reaches
aplateau at pH 10 at two-to-threefold lower pardaxin concen-
trations than at pH 5.5 and 8. The half-life plateau at pH 5.5
and 8 (reached at ~20 nM) coincides nicely with the amplitude
plateau (Fig. 3 A), whereas the half-life plateau at pH 10 is
reached at ~7 nM in contrast to ~30 nM for the amplitude
plateau. As well as highlighting the difference in the mecha-
nism of interaction at the three pH values, it demonstrates
aremarkable attraction between negatively charged pardaxin
and zwitterionic lipids. The half-life plateau presumably
reflects a situation in which the rate-limiting step changes
from diffusion-controlled protein association to the vesicle
to structural rearrangements on the vesicle.

For the DOPC/DOPG vesicles, the situation is reversed.
For the fast phase, kinetics is fastest at pH 5.5 for all pardaxin
concentrations, followed by pH 10 and then pH 8 (Fig. 4 B).
Furthermore, the plateau level is reached first at pH 5.5 fol-
lowed by pH 10 and then pH 8, but in all cases the plateau
level is reached at an approximately twofold higher pardaxin
concentration than the amplitude plateau (Fig. 3 B). The
same trend is seen for the slow phase, although it is less
distinct (data at pH 8 are complicated by the triple exponen-
tial decay). Overall, it appears that pH and lipid composition
combine to make the fine-tuning kinetics of pardaxin-lipid
interactions very delicate and complex.
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Pardaxin displays a charge-dependent disruption
of giant unilamellar vesicles

The use of LSCM together with GUVs allows us to visualize
how pardaxin disrupts individual lipid vesicles. This is
achieved by loading the GUVs with a water-soluble fluoro-
phore and incorporating a lipid-specific dye in the vesicles.
Using LSCM, we then monitor how the release of entrapped
fluorophore correlates with disruption of the GUVs and thus
distinguish between disruption by pore formation and vesicle
lysis. For simplicity, we restrict ourselves to pH 8 for these
studies, where DOPC vesicles are permeabilized much
more rapidly and efficiently than DOPC/PG vesicles (Fig. 4).

In DOPC vesicles, the release of vesicle contents over
a time course of roughly 15 min (between ¢ = 25 min and
t = 42 min) does not lead to substantial loss of vesicle integ-
rity (Fig. 5). This nondisruptive efflux of vesicle contents
indicates formation of pores. When the GUVs contain 20%
DOPG, the effects are quite different. We observe the
same lag time as with DOPC vesicles but pardaxin binding
causes release of fluorophore with simultaneous loss of
membrane integrity. It takes ~50 min from the addition of
pardaxin to disrupt >95% of the vesicles (Fig. 5). These
two distinct modes of vesicle disruption are also apparent
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when we have a mixture of the two types of vesicles that
can be distinguished using different lipid fluorophores
(Fig. S1 in the Supporting Material). This implies that we
can exclude the possibility that what we observe is an effect
of small differences in experimental conditions. Further-
more, the two processes happen at comparable rates in the
lipid mixture, indicating that pardaxin shows no preference
for one type of vesicle. This contrasts with the antimicrobial
peptide Novicidin, which shows a much stronger preference
for anionic lipids under these conditions (B. S. Vad and D. E.
Otzen, unpublished).

13C solid-state NMR reveals that pardaxin
interacts with the lipid acyl chain in a charge-
dependent fashion

To complement our biophysical studies, we use solid-state
NMR to analyze the conformation/orientation of pardaxin
when incorporated into or binding to the two lipid types.
As with mimics of vesicles and phospholipid bilayers, we
use bicelles (25) composed of a mixture of long-chain (14-
O-PC with or without 14-O-PG) and short-chain (6-O-PC)
phospholipids. In these phospholipids, the ester bonds link-
ing the two acyl chains to the glycerol backbone are replaced
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FIGURE 5 LSCM investigations of pardaxin disruption of GUVs. For each lipid, we show the time course (in minutes) of the fluorescence from a water-
soluble fluorophore (Alexa 488, encapsulated within the vesicle interior) in the top row and a membrane-bound dye (Dil) in the bottom row after the addition of
5 mM pardaxin to GUV composed of either DOPC or DOPG/DOPC (20:80). For DOPC GUVs we start to observe a decrease in the water-soluble fluorophore
fluorescence after ~29 min, reaching a minimum after 45 min, whereas the Dil fluorescence is unchanged. For the DOPG/DOPC (20:80) GUVs, we observe
a decrease in the GUV size after roughly 40 min, leading to vesicle disruption within 5 min indicated by the disappearance of both fluorophores. Note that there
is a slight inhomogeneity in the dye distribution in the DOPC vesicle. However, the same type of behavior, indicative of pore-formation, is observed for a large

range of different vesicle sizes for DOPC irrespective of the dye distribution.

with a nonhydrolyzable ether bond (26,27). This increases
the chemical stability of the lipids but does not affect the
secondary structure of pardaxin according to far-UV CD
spectroscopy (data not shown). Bicelles mixed using appro-
priate stoichiometry of short- and long-chain lipids will align
when placed in a strong magnetic field, making them useful
for oriented-sample solid-state NMR. In this study we take
advantage of the macroscopical alignment to determining
the orientation of anisotropic nuclear spin interactions
(e.g., *C-"H dipole-dipole couplings that depend on the
angle between the internuclear axis and the external
magnetic field) and through these establish information
about the conformation of the lipid molecules upon interact-
ing with the peptides. These studies may be conducted with
lipids in natural abundance (i.e., without incorporating '°N
or '°C isotope labels).

We recorded '*C natural abundance PISEMA (19) NMR
spectra of the two types of bicelles, and record changes
upon addition of pardaxin. In the present context, the
PISEMA spectrum correlates '>C chemical shifts with the
"H-*C heteronuclear dipole-dipole coupling, reflecting
the binding of the carbon to directly attached protons. The
dipole-dipole coupling (and to a smaller extent the chemical
shift) is very sensitive to reorientation/dynamics of the lipids
and thereby to changes in lipid order upon interaction with
pardaxin. The information is highly localized, in the sense
that signals from different carbons in the lipid chain provide
separate responses, rendering the experiment useful to distin-

guish frans-membrane and surface orientations of the peptide
in the membrane (28,29). The change in the lipid conforma-
tion may conveniently be expressed in terms of an order
parameter Sch, which is extracted from the experimental
spectra from the relationship (28)

3cos?B — 1
—

We assume that D, = 21.5 kHz and 8 = 90°. The
measured coupling is the sum of the dipole dipole- and the
J-coupling, and the J-coupling is assumed to be 150 Hz for
all sites.

Fig. 6 shows a two-dimensional PISEMA spectrum
(Fig. 6 A) and one-dimensional slices obtained for a bicelle
composed of 14-O-PC/6-O-PC (molar ratio 3.2:1.0) lipids
(Fig. 6, B-D) and 14-O-PC/14-O-PG/6-O-PC (molar ratio
2.6:0.6:1,0) lipids (Fig. 6, E-G). The slices (extracted from
the two-dimensional spectra) provide measures of 'H-'>C
dipole-dipole couplings observed for three representative
carbon sites along the 14-O-PC molecule, namely C,
(Fig. 6, D and E), C;5 (Fig. 6, C and F), and C4 (Fig. 6, D
and G). The slice in red represents pure lipids whereas the
slice in black represents the case where pardaxin is incorpo-
rated (molar ratio: peptide/lipids, 1:100). It is evident that
pardaxin interacts differently with lipid bicelles depending
on their surface charge. Fig. 6, B-D, reveals that the order
parameter in PC bicelles changes at carbon sites all along
the lipid molecule, indicating that pardaxin is incorporated

Den = DoSgy
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FIGURE 6 Static-sample, natural
abundance "*C solid-state NMR spectra
for oriented PC or PC/PG bicelles with
and without pardaxin. (A) Two-dimen-
sional PISEMA spectrum of a PC
bicelle with pardaxin. (B—G) One-dimen-
sional slices from two-dimensional
PISEMA spectra of PC bicelles with
(black) and without (red) pardaxin in
bicelles composed of (B—-D) 14-O-PC/
6-O-PC (molar ratio 3.2:1.0) and (E-G)
14-O-PC/14-O-PG/6-O-PC (molar ratio

"%"%‘%Fz% BT B % % % B B B B G %

2.6:0.6:1,0) lipids. From top (B and E)
to bottom (D and G), the slices represent
traces through the C,, C3, and C4 reso-
nances of the lipid molecules, respec-

tively. (H and /) Summary of measured order parameters for 14-O-PC/6-O-PC bicelles (H) and for 14-O-PC/14-O-PG/6-O-PC bicelles (/). The radii of the spheres
are inversely proportional to the measured order parameters of atomic sites along the lipid molecule in bicelles with no pardaxin (see text). The order parameters
measured both with and without pardaxin are given beside the relevant carbon. The color of the spheres indicate the relative change in measured order parameters
upon addition of pardaxin, with red indicating that the order parameter increases; blue that it decreases; and white indicating no change.

in a frans-membrane configuration. This agrees very well
with the formation of pores according to GUV analyses
(Fig. 5). A different pattern is observed for bicelles contain-
ing a mixture of 14-O-PC/14-O-PG/6-O-PC (Fig. 6, E-G).
Here only the order parameters for the headgroup region
(C3 (Fig. 6 E) and Ca« (Fig. 6 D)) change upon 1:100 molar
ratio addition of pardaxin, whereas that of the membrane
buried C14 site remains invariant (Fig. 6 F). Accordingly,
in this case the NMR data suggest that pardaxin is positioned
on the surface of the PC/PG bicelle and only interacts with
the headgroup. This also correlates very well with our
GUYV data, which indicate membrane lysis rather than pore
formation (Fig. 5). Fig. 6, H and I, provides a color-code
representation of the relative changes in order parameters
when pardaxin is added to PC bicelles (Fig. 6 H) and
PC/PG mixed bicelles (Fig. 6 I). Red indicates an increase
in the order parameter, blue represents a decrease, and white
represents no measured change in order parameters. The
diameters of the spheres in Fig. 6, H and I, are inversely
proportional to the measured order parameter in bicelles
without pardaxin. Thus, a small order parameter is desig-
nated with a circle with large radius (indicating geometrical
variability) whereas a larger order parameter is represented
by a smaller radius (indicative of less flexibility). It is not
surprising that the order parameter for the headgroup gener-
ally decreases as peptide is added to the bicelles, due to
perturbation by accommodation of the peptide. The increase
in the order parameter for the very disordered C4 site that
occurs in DOPC vesicles (where pardaxin is trans-
membrane) may be attributed to a restriction of the free rota-
tion of the acyl methyl group by pardaxin. Similar arguments
apply to v, (the first carbon in the glycerol linker region of
the lipid molecule), which also becomes slightly more
ordered upon addition of pardaxin to PC bicelles (Fig. 6 H).

For the PG-containing bicelles, we observe no change in
the conformation order of the acyl chains in the deeper parts
of the bicelles. This is indicated by the generally white color
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of the C4—C14 in Fig. 6 I, reflecting the data in Fig. 6, E-G,
where only small changes in the dipolar splitting (and
thereby the order parameter) are observed.

DISCUSSION

Calcein release patterns are dependent on lipid
headgroup charge

Numerous studies have addressed the interaction of pardaxin
with lipid membranes (7—14,30-36), but have not been based
on detailed kinetic studies—focusing instead on endpoint
permeation (8-10,31,33). We extend these studies by
a methodical investigation of how the rate of vesicle perme-
abilization (calcein release) is affected by solution pH and
lipid headgroup charge. Our data show that pardaxin-medi-
ated lipid permeations are dependent on lipid headgroup
charge and show subtle kinetic effects. We observe a depen-
dence of pardaxin protonation both with vesicles consisting
of DOPC/DOPG and those composed of only DOPC. Per-
meabilization of DOPC/PG vesicles occurred more effi-
ciently when pardaxin had a net charge of +1 (pH 5.5)
compared to higher pH. Nevertheless, 5-12 times less par-
daxin was needed to permeate purely zwitterionic vesicles,
and this permeation efficiency was more efficient at higher
pH. The CD spectra indicate a higher degree of a-helical
structure in PC vesicles than in PC/PG vesicles, which suggest
a more intimate association of pardaxin with PC vesicles.
There is a large difference in the concentrations needed to
permeate vesicles by either pore formation or the carpet
mechanism (the latter being the most protein-demanding
(37)). These findings suggest that the differences in pardaxin
concentration needed for permeation reflect differences in
the mode of action with zwitterionic and anionic vesicles.
Similar conclusions have been reached for the antimicrobial
peptide Melittin, which was found to form pores in zwitter-
ionic vesicles and induce aggregation/fusion of anionic
vesicles (38).



Pardaxin Pore Formation versus Vesicle Lysis

The kinetics of the membrane disruption by pardaxin
reveals two distinct processes—an initial fast process and
a subsequent slow process. The measured release time
profiles represent the permeabilization activity and only indi-
rectly report on structural changes. The multiple decays indi-
cate multiple ways of perturbing the membrane. The kinetics
of membrane disruption by the antimicrobial peptide Cecro-
pin also displays two distinct kinetic processes (39). The fast
step is coupled to initial peptide binding whereas the slower
process is linked to a more specific mode of action, possibly
pore formation or shedding of membrane fragments.
Remarkably, the kinetics of vesicle disruption is markedly
slower for a Cecropin mutant operating through the carpet
mechanism as opposed to the pore formation by wild-type
Cecropin (39). We see a similar scenario for pardaxin with
regard to the kinetics of membrane disruption of zwitterionic
and anionic vesicles.

The half-life values for disruption of DOPC stabilize at
aminimum level at 0.1 uM pardaxin, well below the concen-
tration where pardaxin starts to disrupt DOPC/PG vesicles.
Gouy-Chapman theory describes how negative charge on
the acidic membrane creates a membrane potential that causes
cationic peptides to redistribute to the membrane (40,41). This
passive accumulation of peptides near an anionic membrane
surface will result in a high apparent binding constant. If the
initial fast process relates to peptide binding, it should be ex-
pected that this would be even faster on anionic vesicles. The
fact that this is not the case indicates that electrostatic
attraction to anionic vesicles does not lead to more efficient
permeabilization. Instead, we speculate that these strong
interactions may in fact trap pardaxin in conformations that
are not optimal for vesicle permeabilization. The complex
kinetics on DOPC/PG vesicles at pH 8 support this view, indi-
cating an extra step that may constitute a less efficient way to
organize the peptide in the membrane compared to the rapid
pore formation observed on DOPC vesicles.

GUV experiments reveal two distinct vesicle
disruption patterns

The mode of action of pardaxin is known to be sensitive to
the charge of the lipid groups, with clear indications of
pore formation in pure POPC vesicles that appeared to
change upon the inclusion of anionic lipids (13). Based on
our GUV experiments and supported by solid-state NMR
data, we unequivocally conclude that pardaxin forms pores
in pure DOPC vesicles and disrupts DOPC/PG vesicles in
a all-or-none fashion, suggesting a carpet mechanism.
Previous studies combining GUVs and LSCM to study anti-
microbial peptides such as Maculatin, Citropin, Aurein, and
Magainin 2 were similarly able to resolve the permeabiliza-
tion mechanism in zwitterionic and anionic vesicles (42,43).
They found that for these peptides the mode of action was
independent of the lipid composition. This study of pardaxin
is the first to our knowledge, that is able to demonstrate, visu-
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ally, that the mode of action can be dependent on the lipid
composition of the vesicles. Furthermore, we were able to
reproduce the specific modes of action in a heterogeneous
mixture composed of anionic vesicles and zwitterionic vesi-
cles. These two different modes of action were observed on
the same timescale, showing there was no preference for
either lipid composition.

The interaction of pardaxin with membranes
changes the lipid

Two-dimensional solid-state '>C NMR experiments of
DMPC/DHPC bicelles with or without pardaxin allow us
to probe the local interactions of the antimicrobial peptide
with lipid membranes (both with '*C in natural abundance)
without the addition of exotic probes to the sample, which
might, in turn, effect the molecule-lipid interactions. This
method, which relies on magnetic orientation of the bicelles
by the strong static magnetic field of the NMR spectrometer,
has previously been used for studying the membrane interac-
tions of the antidepressant desipramine (44) as well as the
antimicrobial peptide pexiganan (28,45). Pexiganan has
been shown by various techniques (fluorescence assays,
calorimetric techniques, microscopy, solid-state NMR spec-
troscopy, and neutron diffraction) to work by a toroidal pore
mechanism. In the natural abundance '>*C NMR experiments,
this resulted in an increase in the disorder of DMPC mainly
at the headgroup region and the upper part of the acyl chain.
Given that pexiganan works by the toroidal pore mechanism,
the NMR signal is a mixture of the signal from the bilayer-
forming lipids and the lipids that line the toroidal pore,
making specific interpretations of peptide-induced changes
in the lipid conformation difficult.

The calcein release measurements and the LSCM results
for pardaxin revealed two distinct vesicle disruption patterns,
compatible with pore formation and the carpet mechanism
for zwitterionic and anionic vesicles, respectively. This is
remarkably similar to the study by Ladokhin and White
(46) on the 26-residue peptide melittin, where calcein release
assays and oriented CD measurements suggested a trans-
membrane orientation in POPC vesicles and an orientation
parallel to the membrane plane in POPG vesicles. Interest-
ingly, the two peptides show weak N-terminal homology
although melittin is highly positively charged (+6 at neutral
pH). These two modes of action will lead to different local
membrane perturbations that may be probed by oriented-bi-
celle, natural abundance, 13C two-dimensional NMR mea-
surements. For bicelles composed only of zwitterionic vesi-
cles, we observed a slight disordering of the lipid headgroup
and an increase in the order of the acyl chain upon addition
of pardaxin. This is the opposite of what was observed for
pexiganan, indicating that pardaxin does not form toroidal
pores.

The increase in acyl-chain order is instead what would be
expected if the pardaxin was trans-membrane, and thereby
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restricted the movement of the acyl chains. This ordering
effect on lipid acyl chains by frans-membrane peptides has
been reported previously (47,48), corresponding to the
formation of pores by the barrel- stave mechanism (49).
For the bicelles containing anionic lipids, a disordering of
the headgroup region is observed when pardaxin is added.
From the LSCM measurements we have shown that pardaxin
works by an all-or-none mechanism, as would be expected
from a peptide that worked by the carpet mechanism. It
has been shown that the toroidal pore formation is followed
by membrane disruption at higher concentration (50), but we
do not believe that this is pardaxin’s mode of action, as no
pore formation was observed by lowering the pardaxin
concentration. These results indicate that there is a significant
difference in the impact on acyl-chain order induced by the
toroidal pore formation and the carpet mechanism. This is
interesting from the standpoint that in both processes the
peptide is lying in the lipid headgroup and acyl-chain inter-
face (51-54). If the difference in order induced by the two
binding modes is a general phenomenon, this would allow
for an easy way of distinguishing between the two binding
modes. This can only be proved by further studies on other
peptide-lipid systems.

SUPPORTING MATERIAL

Materials and methods and a figure are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(09)01690-7.
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