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Abstract

Melittin (MLT), the 26-residue toxic peptide from the European honeybee Apis mellifera, is widely used for studying the
principles of membrane permeabilization by antimicrobial and other host-defense peptides. A striking property of MLT is
that its ability to permeabilize zwitterionic phospholipid vesicles is dramatically reduced upon the addition of anionic lipids.
Because the mechanism of permeabilization may be fundamentally different for the two types of lipids, we examined MLT-
induced release of entrapped fluorescent dextran markers of two different molecular masses (4 and 50 kDa) from anionic
palmitoyloleoylphosphatidylglycerol (POPG) vesicles. Unlike release from palmitoyloleoylphosphatidylcholine (POPC)
vesicles, which is highly selective for the 4 kDa marker, implying release through pores of about 25 A diameter [Ladokhin et
al., Biophys. J. 72 (1997) 1762], release from POPG vesicles was found to be non-selective, i.e., ‘detergent-like’. Oriented
circular dichroism measurements of MLT in oriented POPG and POPC multilayers disclosed that c-helical MLT can be
induced to adopt a transbilayer orientation in POPC multilayers, but not in POPG multilayers. The apparent inhibition of
MLT permeabilization by anionic membranes may thus be due to suppression of translocation ability. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction antimicrobial peptides, exert their action through
permeabilization of cellular membranes [1-4]. The
mode and effectiveness of this disruption of normal
membrane barrier function depend upon membrane

lipid composition [5-9]. This lipid, and hence mem-

Many host-defense peptides, such as toxins and

Abbreviations: POPC,  palmitoyloleoylphosphatidylcholine;
POPG, palmitoyloleoylphosphatidylglycerol; LUV, extruded
large unilamellar vesicles of 100 nm diameter; FD-4 and FD-
70, fluorescein isothiocyanate dextrans with molecular masses of
4400 and 50700 Da, respectively; Triton, reduced Triton X-100;
MLT, melittin; cme, critical micelle concentration; R;, lipid-to-
peptide ratio; Rrx, Triton-to-lipid ratio; HEPES, N-2-Hydroxye-
thylpiperazine-N’-2-ethanesulfonic acid; EDTA, ethylenediami-
netetraacetic acid; OCD, oriented circular dichroism
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brane, specificity is important to understand in order
to design effective antimicrobial peptides that can
distinguish between host and invader membranes.
A common strategy is to seek peptides that simulta-
neously have low hemolytic and high antibacterial
activity [8,10]. The archetypal membrane-disrupting
peptide used as a model for hemolytic activity [11,12]
is melittin (MLT), the 26-residue toxic peptide from
the European honeybee Apis mellifera [13,14]. It too
shows lipid specificity. For example, compared to
release from pure zwitterionic phosphocholine
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vesicles, a threefold increase in MLT membrane con-
centration is required to achieve equivalent release of
small fluorescent markers from vesicles comprised of
50% anionic phospholipids such as diacylphosphati-
dylglycerol [5,6]. This result is puzzling because cat-
ionic MLT partitions much more strongly into
anionic membranes [15]. This raises the possibility,
examined here, that the mechanism of release may be
fundamentally different for zwitterionic and anionic
phospholipid vesicles.

Two permeabilization mechanisms that are fre-
quently invoked for explaining release of vesicle con-
tents are ‘pore-like’ [16-20] and ‘detergent-like’ leak-
age [5,9,21-23], illustrated schematically in Fig. 1.
Pore-like leakage from vesicles implies that release-
of-contents depends upon the size of an entrapped
solute, whereas detergent-like leakage implies release
that is independent of solute size. Using a method
based upon detecting the differential release of co-
encapsulated markers of different sizes, we demon-
strated [20] that MLT forms pores in zwitterionic

vesicles containing markers
of different sizes
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Fig. 1. A schematic representation of vesicle permeabilization
by (A) pore-like and (B) detergent-like leakage mechanisms.
The principal distinction is selectivity in the release contents,
although detergent-like can mean complete solubilization of
vesicle membranes. The data of Table 1 show that melittin
causes non-selective ‘detergent-like’ leakage from POPG mem-
branes. In contrast, melittin-induced release from POPC vesicles
is pore-like [20].

POPC vesicles. The pores were estimated to have
effective diameters of 25-30 A at a lipid-to-peptide
ratio (R;) of 50, consistent with models in which
MLT forms barrel-stave aggregates of transmem-
brane a-helices [24]. In order to address the question
of whether MLT acts similarly in anionic lipid
vesicles, we have now used the same method to study
release from POPG vesicles. The results, described
here, revealed that MLT caused detergent-like re-
lease, in the sense that release was non-selective.
The amount of MLT required for a given amount
of release was much higher than for POPC vesicles,
as expected. In order to investigate possible structur-
al differences between MLT-induced release from
POPC and POPG vesicles, we used oriented circular
dichroism (OCD) measurements [25-27] of MLT in
oriented POPC and POPG multilayers at high hydra-
tions. These measurements showed that a-helical
MLT could be induced to adopt a transmembrane
configuration only in POPC multilayers, suggesting
that the ability of melittin to form transmembrane
pores in membranes is related to its ability to adopt a
transbilayer orientation, which in turn depends upon
lipid membrane lipid composition.

2. Materials and methods
2.1. Materials

Lipids were obtained from Avanti Polar Lipids
(Alabaster, AL). Melittin (sequencing grade), Triton
X-100, FD-4 dextran, and FD-70 dextran were ob-
tained from Sigma (St. Louis, MO) and Sephacryl
S-400 HR from Pharmacia Biotech (Uppsala, Swe-
den). The buffer solution (pH 7.0) contained 10 mM
HEPES, 50 mM KCl, 4 mM EDTA, and 3 mM
NaNj;. The buffer was carefully degassed before
each run to avoid formation of air bubbles on the
column.

Concentrations of the stock solutions of melittin
were determined spectrophotometrically and those of
phospholipid LUV by means of a standard phos-
phate assay [28]. Purity of lipids was checked by
thin layer chromatography. Even after prolonged in-
cubations with melittin, the lipids remained free of
lyso derivatives.
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2.2. Preparation of dextran-loaded vesicles and
leakage experiments

The experimental procedures have been described
in detail in Ladokhin et al. [20]. Large unilamellar
vesicles (LUV) of approximately 0.1 wm diameter
were formed by extrusion under N, pressure through
Nucleopore polycarbonate membranes using the
method of Mayer et al. [29]. To prepare LUV with
entrapped solutes, the lipid was first suspended in
buffer containing 2 mg/ml of FD-4 and 4 mg/ml of
FD-70 and then frozen and thawed 20 times prior to
extrusion and several additional times during the ex-
trusion process. The increased loading of the FD-70
compared to FD-4 was done in order to improve the
resolution in the elution profile (see Section 2.3). Un-
trapped dextran was removed by gel filtration using
Sephacryl S-400 HR packed into a 38 X1 cm column.
Fluorescein-dextran containing LUV were treated
with either 2% Triton (for determination of the ratio
of entrapped dextrans) or melittin. Samples were ap-
plied to a column whose output was connected to a
flow-through fluorescence cuvette placed in a SLM-
8100 fluorimeter (SLM/Aminco, Urbana, IL). Exci-
tation and emission wavelengths were 490 and 530
nm, respectively. Because the exciting light tends to
be vertically polarized, a horizontally oriented polar-
izer was introduced into the emission path in order
to minimize artifacts associated with scattering. All
experiments were carried out at room temperature
(23°0).

In order to trap the vesicle samples with partially
released contents, we used the method of Schwarz
and Arbuzova [30]. Specifically, after incubation of
dextran-loaded LUV with a leakage-inducing agent
for a given time, an overwhelming amount of un-
loaded LUV was added (0.1 ml of a 100 mM LUV
suspension). The sample was then loaded onto the
column and the elution profile analyzed. Unloaded
LUV do not interfere with the analysis because they
do not exhibit a fluorescence signal and scattering
was effectively suppressed by the monochromator
and polarizer.

2.3. Data analysis

The elution profiles were fitted by the sum of three
log-normal distributions as described in detail previ-

ously [20]. The only minor improvement of the orig-
inal procedure was that no fixed parameters were
used in the fitting procedure. This became possible
because of the increased signal from the FD-70 peak
resulting from the increase in the initial loading (see
above). The areas under the peaks were calculated
numerically using the software package Origin 6.0
(MicroCal, Northampton, MA). The fractions of in-
dividual markers released were calculated from the
ratios of areas of individual peaks for samples with
partially and completely released contents. Complete
release was achieved by solubilizing vesicles with 2%
Triton. The uncertainties in fractions were estimated
to be £0.03. The selectivity of leakage was calcu-
lated as a ratio of release of FD-4 over FD-70.

2.4. Oriented circular dichroism (OCD)
measurements

OCD has been described in detail by several
groups [25-27,31]. Oriented multilayers with incorpo-
rated melittin were formed on a quartz slide by de-
position from methanol solutions containing 0.2 mM
melittin and 10 mM of POPC or POPG. These were
added drop-wise to the slide and then dried. Traces
of methanol were removed under vacuum. A small
drop of twice-distilled water was carefully placed
onto the surface of the sample to increase the hydra-
tion without disruption of the multilamellar struc-
ture. The sample was then sealed in a tube contain-
ing an additional drop of water and allowed to
equilibrate overnight. The tube was placed in a
home-built holder [32] designed to fit into the sample
compartment of a Jasco J720 spectropolarimeter (Ja-
pan Spectroscopic Co., Tokyo, Japan). The signal
was collected and averaged for four 90 degree rota-
tions of the slide, each maintaining a perpendicular
orientation of the slide to the beam. All four orien-
tations exhibited nearly identical signal magnitudes.
After initial data collection, the sample was subjected
to a heating procedure in which the sample and hold-
er were placed in an oven maintained at 45°C for
60 h. High humidity was maintained by placing a
reservoir with water into the oven with the sample
tube temporarily unsealed. The tube was re-sealed
following incubation, brought to the ambient tem-
perature, and allowed to equilibrate for 2 h prior
to any additional measurements. Because the actual
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amount of melittin in the beam could not be deter-
mined, the spectra were normalized with respect to
the maximum negative peak value for consistency of
presentation.

2.5. Simulations of OCD spectra

Helical basis spectra for the surface (helix axis
parallel to bilayer plane) and inserted (helix axis nor-
mal to bilayer plane) forms were computed assuming
an ideal helix [26]. A basis spectrum for a random-
coil component was obtained by using a single Gaus-
sian with 16 nm dispersion and molar ellipticity of
—16x10% deg cm 2 dmol ™! centered at 197 nm. This
choice was consistent with the CD spectrum ob-
served for monomeric melittin free in solution. Equal
amounts of this random coil spectrum were added to
both the ideal surface and inserted basis spectra to
arrive at new basis spectra with 80% helical content.
Finally, these basis spectra were re-normalized to
account for the finite length of the helix according
to Rohl and Baldwin [33]. These final basis spectra
were mixed in different proportions to simulate var-
ious combinations of surface and inserted peptides.
Although these modifications were made in order to
obtain simulated spectra that were as close as possi-
ble to the experimentally observed spectra, the anal-
ysis was largely unaffected by simply using the un-
modified spectra of Huang and coworkers [26].

3. Results and discussion
3.1. Melittin-induced leakage from POPG vesicles

The size-selectivity of the leakage pathway was
determined using a method based on the differential
release of co-encapsulated markers of different sizes
from lipid LUV [20]. Briefly, vesicles preloaded with
fluorescently labeled dextrans FD-4 (4 kDa) and FD-
70 (50 kDa) were treated with a leakage-inducing
agent (MLT or Triton) and then passed down a Se-
phacryl S-400 gel-filtration column connected to a
flow-through cuvette placed in a fluorescent spec-
trometer. The elution profile allowed the relative re-
lease of the two markers to be determined, as de-
scribed in detail elsewhere [20] (see Section 2). If
the inducing agent forms pores of limited diameter

in the vesicle membrane, the extent of leakage will
depend upon solute size. If, however, the agent mi-
cellizes the membrane, causes large perturbations in
membrane integrity, or forms very large pores, leak-
age will not depend upon solute size. If the leakage
pathways are very narrow, then of course there will
be no leakage of large solutes.

Typical time-traces of the elution of POPG LUV
vesicles with co-encapsulated FD-4 and FD-70 are
shown in Fig. 2. The early peak corresponds to un-
released dextrans still contained within the LUV,
while the two later peaks correspond to released dex-
trans. The gray trace in Fig. 2, obtained in the pres-
ence of solubilizing concentrations of Triton (2% v/v;
Rt =15.6), demonstrates complete release of the
dextrans. The other traces show the release of dex-
trans in the presence of several different melittin con-
centrations (corresponding to R; =35, 20, and 10 lip-
ids per MLT). In all cases, the FD-70 peak is larger
than the FD-4 peak because of the heavier loading of
the vesicles with FD-70 (see Section 2). It is apparent
even from these raw data that the MLT-induced
leakage of POPG vesicles lacks the strong size-depen-
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---------- + 0.07 mM Melittin

------ + 0.14 mM Melittin
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Fig. 2. Release of co-encapsulated FD-4 and FD-70 dextrans
from large unilamellar POPG vesicles induced by melittin. Sam-
ples containing the same concentrations of POPG vesicles pre-
loaded with the fluorescently labeled dextrans were incubated
with different amounts of melittin for 20 h and then applied to
the gel filtration column to determine the amount of released
dextrans, as described by Ladokhin et al. [20]. As a control,
complete release was achieved by solubilizing the membranes
with Triton (Rx =15.6). The size selectivity of the leakage is
presented in Table 1.
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Table 1

Release of co-encapsulated fluorescently labeled dextrans FD-4 and FD-70 from POPG LUV induced by melittin
POPG/melittin® (mol/mol) Incubation time (h) FD-4,y (%) FD-704y: (%) Selectivity®
35 20 15 14 1.1+£0.3

20 20 37 32 1.2+0.2

10 4 69 50 1.4%0.1

10 20 81 53 1.5+0.1

4POPG concentration was 1.4 mM.

bSelectivity was calculated as the ratio of release of the smaller to larger dextran. Error in selectivity was calculated by assuming that
the errors in determination of the release of two dextrans were independent of each other and equal to 3%.

dence of the leakage reported with POPC vesicles
[20]. The size-selectivity of the leakage was quanti-
tated using the fitting procedure of Ladokhin et al.
[20] in order to determine the relative areas of indi-
vidual elution peaks (see Section 2). The fractions of
the released dextrans obtained for several MLT con-
centrations are presented in Table 1. The selectivity,
defined as a ratio of the released fraction of the
smaller dextran to that of the larger dextran, of
~1-1.5 is low compared to values of about 4 ob-
served for POPC vesicles [20]. Considering experi-
mental errors, release was largely non-selective. In
contrast to POPC vesicles for which 88% of the
FD-4 was released after 3 h of incubation at
R; =50, POPG vesicles released 69% after 4 h incu-
bation at a fivefold higher melittin content (R; =10,
Table 1). Pure POPG LUV therefore had a reduced
sensitivity to MLT, similar to that observed for
vesicles formed from mixtures of POPC with
POPG and other anionic phospholipids [5,6]. The
membrane interactions of melittin follow simple par-
titioning equilibrium. Consequently, the fraction of
bound peptide is largely independent of R; [34].
From the free energies of transfer from water to
bilayer reported earlier [35], we estimate that at least
95% of melittin was bound to POPC and at least
99% was bound to POPG under the conditions of
our leakage experiments.

3.2. Topology of melittin in oriented POPC and
POPG multilayers

The ability of melittin to adopt a transbilayer ori-
entation and thence a barrel-stave aggregation state
has been invoked as the basis for pore formation in
phosphocholine vesicles [24,36]. Similar correlations
between pore formation and transbilayer orientations

have been reported for alamethicin and magainin
[37,38]. A crucial question is thus the ability of
MLT to adopt a transbilayer configuration. Huang
and coworkers [26,39,40] have demonstrated that the
orientation of an a-helix with respect to membranes
can be deduced from CD measurements of helical
peptides incorporated into lipid multilayers oriented
on a quartz slide (oriented CD). For slides oriented
normal to the optical axis, helical peptides oriented
parallel to the membrane surface have spectra with
minima at 208 and 222 nm. Random-coil compo-
nents with a minimum at 197 nm, probably present
in the samples, can cause an apparent increase in the
208 nm component relative to the one at 222 nm.
Peptides oriented normal to the surface have a spec-
trum with a single minimum at 222 nm.

The spectra of MLT in oriented POPC and POPG
multilayers at high hydration are shown in Fig.
3A,C, respectively. For samples prepared and equil-
ibrated at 23°C (dashed curves, designated as un-
heated), the OCD spectra of MLT in both POPC
and POPG are those expected of helices oriented
parallel to the bilayer surface, as judged by dominant
minima at 208 nm. After heating the samples at 45°C
for 60 h and then re-equilibrating at 23°C, the MLT
spectrum for POPG was unaffected whereas the spec-
trum for POPC changed to one with a dominant 222
nm minimum (solid curves in Fig. 3A,C). The sim-
plest explanation of the data is that some of the
MLT in POPC, but not in POPG, could be induced
to adopt a transbilayer orientation. Even without
heating, prolonged incubation of the POPC sample
results in progressive changes in the ratio of the
peaks at 222 and 208 nm (data not shown). We at-
tributed these changes to slow conformational equil-
ibration upon hydration of the lipid/protein film
dried from organic solvent. The heating procedure
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Fig. 3. Normalized CD spectra of melittin in POPC and POPG
oriented multilayers deposited on the quartz slide. The plane of
the oriented bilayers was oriented perpendicular to the optical
axis of the spectropolarimeter. Lipid-to-melittin mole ratio
R;=50 in both cases. All experimentally determined spectra
were collected at room temperature (23°C). (A) Melittin in
POPC multilayers without heat treatment (dashed curve) and
after preheating to 45°C for 60 h (solid curve). The characteris-
tic changes in the ellipticity at 208 and 222 nm observed after
preheating is consistent with a change in the orientation of the
a-helices from a parallel to perpendicular orientation relative to
the membrane plane [26], as shown in B. This transition is ob-
served in POPC but not in POPG samples. (B) Simulated pre-
heated spectra of melittin in POPC. See text for details. (C)
Melittin in POPG multilayers without heat treatment (dashed
curve) and after preheating to 45°C for 60 h (solid curve).
There is little change in the spectrum, which is that expected
for helices parallel to the membrane plane.

employed here was used to accelerate the equilibra-
tion process. We explored through simulations the
relative populations of surface (su) and inserted (in)
MLT required to describe the ‘preheated’ spectrum
for POPC in panel A (see Section 2.3). Fig. 3B shows

that su:in=1:1 explains the spectrum satisfactorily.
We can thus reasonably conclude that MLT can be
induced to adopt a transmembrane orientation in
POPC multilayers, but not in POPG multilayers.
That MLT is oriented only parallel to the POPC
multilayers in the absence of preheating is consistent
with the existence of a kinetic barrier to insertion
which is no doubt elevated in the highly viscous en-
vironment of oriented multilayers. The apparent fail-
ure of MLT to insert into POPG multilayers is con-
sistent with the lack of insertion of alamethicin and
protegrin into charged multilayers [41]. Together, our
OCD data suggest, but do not prove, that helical
MLT can be transbilayer in POPC vesicles, but not
POPG vesicles.

3.3. What is a ‘detergent-like’ action of peptides?

Non-selective leakage of large markers is often re-
ferred to as detergent-like [3,21,42,43]. Indeed, solu-
bilizing concentrations of Triton (Rryx =15.6), which
result in phospholipid-Triton mixed micelles [44],
caused complete loss of the dextrans, as shown in
Fig. 2. The idea of membrane solubilization as a
means of leakage induction has been formally ex-
tended to peptides by Shai and colleagues (reviewed
in [22]) by means of their so-called carpet mecha-
nism. They propose that some peptides, folded or
unfolded, can form destructive peptide-lipid mi-
celle-like structures after accumulating on the surface
of membranes in a parallel configuration.

Even though MLT-induced release of dextrans
from POPG vesicles is non-selective, and thus con-
sistent with detergent-like terminology, we think it is
unlikely that MLT is acting by a micellization mech-
anism, at least at the concentrations used in our ex-
periments. Unfolded (monomeric) MLT partitions
into membrane interfaces and adopts an o-helical
conformation [45,15,34] through a process referred
to as partitioning—folding coupling [46], which is
driven by the reduction of the high cost of peptide
bond partitioning accompanying intrahelical H-bond
formation [35]. At low surface concentrations, helical
MLT is oriented parallel to the membrane interface
with its non-polar surface facing toward the bilayer
interior [47-49]. With increases in the surface concen-
tration of MLT, as the peptide moves toward its
disruptive configuration in the membrane, dimeriza-
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tion appears to be an important step [50-52]. The
next steps toward permeabilization with further in-
creases in concentration are only vaguely under-
stood. In zwitterionic POPC bilayers, most data
[20,24,53,54] are consistent with the ultimate forma-
tion of pores by barrel-stave aggregates of transbi-
layer a-helices. Translocation of MLT across the bi-
layer is obviously an important step, but it is not yet
clear how translocation is coupled to aggregation. As
discussed elsewhere [20], the size of the pores is not
fixed but probably increases with increases in mem-
brane concentration. The OCD measurements re-
ported here and our earlier measurements of the se-
lective release of dextran markers of different sizes
[20] agree entirely with this general scheme for the
permeabilization of zwitterionic membranes by me-
littin.

The apparent Stokes radii of the 4 and 50 kDa
dextrans are ~23 and ~50 A, respectively, based
upon the measurements of Laurent and Granath
[55]. Therefore, if the MLT-induced leakage from
POPG vesicles seen here is due to pore formation,
the inner diameter of the pores would have to exceed
~50 A, or twice the estimated diameter of the pores
formed in POPC vesicles. Our OCD measurements
suggest that MLT cannot readily adopt a transmem-
brane configuration in POPG bilayers, but that
might simply be a consequence of a heightened ki-
netic barrier due to strong electrostatic interactions
of MLT with POPG. Alternatively, perhaps a new
type of pore with helices parallel to the membrane
plane is being formed. X-ray diffraction studies
[32,56] indicate that surface-bound o-helical peptides
reduce the thickness of bilayers, even at very low
peptide/lipid ratios. Even very small peptides have
this ability [57]. One can speculate that aggregation
of surface-bound helices might have an exaggerated
effect on local bilayer thickness. Non-selective deter-
gent-like leakage may thus occur because surface-
bound MLT aggregates reduce bilayer thickness
and consequently cause local structural instabilities
and fluctuations equivalent to transient pores. An-
other possibility could be a ‘leaky’ fusion, in which
part of the contents is released during MLT-induced
vesicular fusion. Indeed, we have observed increased
scattering of POPG vesicles upon addition of melittin
(not shown). In either case, the much higher mem-
brane concentration of MLT required for permeabi-

lization of anionic vesicles points toward large aggre-
gates with low association constants. Regardless of
the exact nature of MLT permeabilization of POPG
vesicles, this study clearly demonstrates that the
mechanism of membrane disruption is not an inher-
ent feature of a given peptide but depends strongly
on the lipid bilayer.
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