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ABSTRACT Lipid-peptide interaction has been investigated using cationic amphiphilic a-helical peptides and systematically
varying their hydrophobic-hydrophilic balance (HHB). The influence of the peptides on neutral and acidic liposomes was
examined by 1) Trp fluorescence quenched by brominated phospholipid, 2) membrane-clearing ability, 3) size determination
of liposomes by dynamic light scattering, 4) morphological observation by electron microscopy, and 5) ability to form planar
lipid bilayers from channels. The peptides examined consist of hydrophobic Leu and hydrophilic Lys residues with ratios 13:5,
11:7, 9:9, 7:11, and 5:13 (abbreviated as Hels 13-5, 11-7, 9-9, 7-11, and 5-13, respectively; Kiyota, T., S. Lee, and G.
Sugihara. 1996. Biochemistry. 35:13196-13204). The most hydrophobic peptide (Hel 13-5) induced a twisted ribbon-like fibril
structure for egg PC liposomes. In a 3/1 (egg PC/egg PG) lipid mixture, Hel 13-5 addition caused fusion of the liposomes.
Hel 13-5 formed ion channels in neutral lipid bilayer (egg PE/egg PC = 7/3) at low peptide concentrations, but not in an acidic
bilayer (egg PE/brain PS = 7/3). The peptides with hydrophobicity less than Hel 13-5 (Hels 11-7 and Hel 9-9) were able to
partially immerse their hydrophobic part of the amphiphilic helix in lipid bilayers and fragment liposome to small bicelles or
micelles, and then the bicelles aggregated to form a larger assembly. Peptides Hel 11-7 and Hel 9-9 each formed strong ion
channels. Peptides (Hel 7-11 and Hel 5-13) with a more hydrophilic HHB interacted with an acidic lipid bilayer by charge
interaction, in which the former immerses the hydrophobic part in lipid bilayer, and the latter did not immerse, and formed
large assemblies by aggregation of original liposomes. The present study clearly showed that hydrophobic-hydrophilic

balance of a peptide is a crucial factor in understanding lipid-peptide interactions.

INTRODUCTION

The amphiphilic a-helix is defined as an a-helical structure
in which the amino acid residues are distributed in the
secondary structural form of opposite polar (hydrophilic)
and nonpolar (hydrophobic) faces. It is one of the common
structural features in biologically active peptides and pro-
teins, such as polypeptide hormones, polypeptide antibiot-
ics, and polypeptide venoms. The structure has been shown
to play an important role in cell-lytic and antimicrobial
peptides that act by perturbing the barrier function of mem-
branes (Kini and Evans, 1989; Segrest et al., 1990; Saberwal
and Nagaraj, 1994). In particular, the cationic peptide anti-
biotics have recently been suspected as drugs against mi-
croorganisms that have resistance to well-known antibiot-
ics, penicillin, ampicilin, etc., because the mechanism of the
peptide antibiotics is entirely different from that of other
ones, which may not face bacterial resistance (Maloy and
Kari, 1995; Hancock, 1997). A specific feature of cationic
peptides is that they have both a hydrophobic face, com-
prising nonpolar amino acid residues, and a hydrophilic face
of polar positively charged residues.
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Because amphiphilic peptides have hydrophobic and hy-
drophilic moieties, like detergents, their relative amphiphi-
lic potential should bring about a difference in biological
activity. The structural motif of a helix is determined by the
manner in which an amphiphilic helical peptide is induced
with the lipid. The peptide either stabilized or lysed the
membrane (Segrest et al., 1990; Epand et al., 1995). To
analyze the relationship between the relative magnitude of
the hydrophobic-hydrophilic moiety and membrane-binding
property, we 1) obtained a hydrophobic plot related to the
hydrophobic moment and hydrophobicity of the segment
(Eisenberg, 1984); 2) classified the lipid-associating helices
according to their molecular hydrophobic potential (Bras-
seur, 1991; Brasseur et al., 1997); and 3) applied the recip-
rocal wedge hypothesis, considering the reciprocal effect of
phospholipid shapes on membrane structures (Tytler et al.,
1993). The interaction of peptides with membrane mainly
involves two binding properties: 1) hydrophobic interaction
between the lipid acyl chain and the hydrophobic residues
of the peptide; and 2) electrostatic interactions among the
polar residues of the peptides, the phospholipid headgroup,
and the solvent molecules. Recent lipid-peptide binding
studies show that insertion of the peptides into lipid bilay-
ers, membrane perturbation, and the fusion event largely
depend on their hydrophobic interaction (Yoshimura et al.,
1992; Reynaud et al., 1993; Polozov et al., 1997), whereas
electrostatic interactions generated mainly by anionic phos-
pholipids in the membrane and positively charged residues



1458

in peptides promote membrane perturbation, resulting in
membrane lysis, or fusion (Suenaga et al., 1989; Park et al.,
1995; Dathe et al., 1996; Ghosh et al., 1997; Silverstro et al.,
1997; Wieprecht et al., 1997). In fact, the hydrophobicity,
hydrophobic moment, and the angle subtended by the pos-
itively charged helix face of a set of model peptides have
been shown to be effective modulators of antimicrobial
and/or hemolytic activity (Dathe et al., 1996; Blondelle and
Houghton, 1992; Cornut et al., 1994; Dathe et al., 1997). A
recent study on the structure-activity of antimicrobial pep-
tides has suggested that the combination of hydrophobicity
and net positive charge may be sufficient to exhibit anti-
bacterial activity (Shai and Oren, 1996; Oren and Shai,
1997).

In a previous study, we have shown that de novo designed
amphiphilic a-helical model peptides that have a systemat-
ically varied hydrophobic-hydrophilic balance (HHB, rela-
tive amphiphilic potential) as a result of different hydropho-
bicities but a similar hydrophobic moment determined
peptide-membrane interaction and even biological function
(Kiyota et al., 1996). The model peptides (the Hel series),
consisting of 18 residues, are made from three kinds of
amino acids, hydrophilic Lys, hydrophobic Leu, and fluo-
rescent Trp, in which the ratio of hydrophobic-hydrophilic
residues is varied as follows: 13:5, 11:7,9:9, 7:11, and 5:13
(abbreviated as Hels 13-5, 11-7, 9-9, 7-11, and 5-13,
respectively). Helical wheel representations of the Hel se-
ries of peptides are given in Fig. 1. These peptides generate
ideal amphiphilic a-helical structure, which have systemat-
ically varied HHB as a result of different hydrophobicities
(H, 0.07-0.66) but almost the same hydrophobic moments
(nH, 0.39-0.51). Their HHB is estimated theoretically
from the calculated hydrophobicity values and shown to
agree with experimental reverse-phase high-performance
liquid chromatography (RP-HPLC) retention times.

Circular dichroism, liposome-lytic, and Trp fluorescent
studies and encapsulated fluorescence leakage and hemo-
lytic measurements have demonstrated that helix-forming
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FIGURE 1 Helical wheel representations of the Hel-series peptides with
systematically varied hydrophobic-hydrophilic balance (HHB).
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ability and the model and biomembrane perturbation abili-
ties are completely parallel to the magnitude of the hydro-
phobic face area in a-helical structure. In the lipid-binding
study in guanidine-HCI solution, it has been shown that
peptides with a higher hydrophobicity (the hydrophobic
face is wider than the hydrophilic face) such as Hels 13-5
and 11-7 immerse their hydrophobic regions in lipid bilay-
ers. Conversely, more hydrophilic peptides (Hels 7-11 and
5-13) interact only with anionic lipid headgroups and cat-
ionic peptide residues on liposome surfaces. The peptide
Hel 9-9, which has exactly the same hydrophobic and
hydrophilic regions, was found to be at a critical boundary
among these peptides.

Based on our results, we have introduced the concept of
hydrophobic-hydrophilic balance, namely, that the propor-
tions of hydrophilic and hydrophobic moieties is directly
related to their physicochemical and biological properties.
Our hypothesis may explain the mode of lipid-peptide in-
teraction (pathways to a—# in Fig. 8). However, the working
hypothesis was mainly considered from lipid-peptide inter-
action and the standpoint of peptide behavior in the pres-
ence of lipid bilayers. In the present study, to establish the
hypothesis more precisely, we examined how changes in the
lipid bilayer are induced by the addition of peptides to
neutral and acidic liposomes. We account for membrane
solubility by turbidity measurements, the size of liposomes
by dynamic light scattering measurements, and morphology
by electron microscopy. In addition, we have measured Trp
quenching by liposomes containing brominated phospho-
lipid  (1,2-bis(9,10-dibromostearoyl)phosphatidylcholine,
DBRPC) and the channel-forming ability of each peptide in
neutral and acidic lipid bilayers. We make a slight revision
to our previous working hypothesis by presenting a new
model for interaction of the cationic amphiphilic a-helical
peptides with neutral and acidic lipid bilayers.

MATERIALS AND METHODS
Materials

Peptides were synthesized as described previously (Kiyota et al., 1996).
The stock solutions of Hel peptides in buffer (5 mM TES/100 mM NacCl,
pH 7.4), except for Hel 13-5, were kept in a refrigerator. In the case of Hel
13-5, the powder was dampened with only a little 30% acetic acid and then
diluted in buffer solution. The peptide concentration in the buffer solution
were determined from UV absorbance of Trp at 280 nm (e = 5500). The
peptide concentrations in methanol on channel measurements were esti-
mated by weight percent. Egg PC, egg PE, and egg PG were purchased
from Sigma Chemical Co. (St. Louis, MO). 1,2-Bis(9,10-dibromoste-
aroyl)phosphatidylcholine (9,10-DBRPC) was prepared from 1,2-bis-
oleoyl-phosphatidylcholine (Sigma Chemical Co.) by bromination accord-
ing to the literature (Dawidowicz and Rothman, 1976). All other reagents
were of analytical grade.

Liposome-lytic experiment

A lipid (egg yolk phosphatidylcholine (egg PC) or egg PClegg yolk
phosphatidylglycerol (egg PG) (= 3/1) mixture) solution in chloroform
was placed in a round-bottomed flask. After drying in a stream of N, gas,
the residual film was further dried under vacuum over night. The lipid film
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was hydrated with a N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic
acid (TES) buffer (5 mM TES/100 mM NaCl, pH 7.4), and then the
suspension was vortexed for 20 min. The turbid liposome solution obtained
was diluted to a concentration of ~100 uM with the same buffer (5 mM
TES/100 mM NacCl, pH 7.4). The peptide solutions were then added to the
solution to attain a given mole ratio of peptide to lipid and then incubated
at 25°C. The transmittance of the sample solution was recorded at 400 nm
using a JASCO spectrometer (Tokyo, Japan) after vigorous vortexing.

Trp-quenching measurements by egg PC
liposomes containing DBRPC

Small unilamellar vesicles with and without 9,10-DBRPC were prepared as
follows. The turbid liposome solution described above was sonicated for 10
min (X 3) by titanium tip, in an ice bath under nitrogen flow. Then the
liposome solution was centrifuged at 5000 rpm for 20 min.

Peptide (4 uM) in a buffer solution (5 mM TES/100 mM NaCl, pH 7.4)
was titrated with the liposome solution (200 wM) prepared from a mixture
of the appropriate ratio of egg PC and DBRPC as described previously
(Lee et al., 1997). Fluorescence spectra were recorded at 280 nm, and
emission and excitation band passes were kept at 5 nm. Quenching data
were collected 5 min after the peptide was mixed with liposome solution
and analyzed by the Stern-Volmer plot, using the equation

FJ/F =1+ KSV[Q])

where F,, F, Kgy, and [Q] are fluorescence intensities at maximum
wavelength in the absence and presence of liposomes, the Stern-Volmer
quenching constant, and the quencher concentration, respectively.

Liposome size determination

Unilamellar liposomes in a controlled size distribution ~80-90 nm in
diameter were prepared by the extrusion method (Mayer et al., 1986). The
lipid films obtained by the procedure described above were dispersed in
buffer solution by ultrasonic irradiation in the cup horn of a Branson model
185 sonifier at room temperature. The resultant liposome suspension was
transferred to an extruder (Lipex Biomembranes, Vancouver, BC, Canada),
extruded through two stacked polycarbonate filters with 100 nm and 200
nm pore size by applying nitrogen pressure, collected, and reextruded. The
extrusion was repeated 10 times.

The size of liposomes was measured with a NICOMP submicron
particle sizer (model 370) with an argon ion laser (A = 488.0 nm) with a
maximum power of 75 mW and evaluated as described previously (Minami
et al.,, 1996). The peptide and buffer solutions were filtered through the
membrane filters with pores of 0.45 wm and 0.1 wm diameter (Cosmonice
Filter W, Japan Milipore, Osaka, Japan, and Millex-VV, Milipore, Bed-
ford, MA). The liposome solution (0.2 mM, 1 ml) was added to peptide
solutions (1 ml) of appropriate concentrations, and the liposome size was
monitored at 25°C.

Electron microscopy

Liposomes were prepared in S mM TES buffer (pH 7.4) containing 100
mM NaCl and 1 mM EDTA by the extrusion method described above and
adjusted to a concentration 10 times higher than that in other experiments
to easily obtain electron microscopic images. The peptide concentration
was 200 uM (lipid/peptide molar ratio, L/p = 5/1). The peptide and buffer
solutions were filtered through pores of 0.45 um and 0.1 wm diameter,
respectively, before the sample was prepared. Electron microscopy was
examined by the negative-staining method with and without the addition of
peptides. All of the peptides were incubated for ~24 h with liposomes
before staining. The sample solutions were placed on formvar, carbon-
coated grids and stained with 0.5% phosphotungstic acid adjusted to pH 7.4
with NaOH at room temperature. Liposomes were observed through a
JEM-2000 EX electron microscope.
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Measurements of membrane current

Planar lipid bilayers were formed by the folding method (Montal and
Mueller, 1972) as described previously (Iwata et al., 1994). To a 10 mM
tris(hydroxymethyl)aminomethane (Tris)-HEPES buffer solution (0.5 ml,
pH 7.4) in a Teflon chamber with two compartments (each ~1.5 ml in
internal volume) separated by a Teflon septum (25 wm thick) with a
200-um-diameter aperture, a small amount of a lipid solution (~15 ul) in
hexane (10 mg/ml) was spread. A lipid monolayer was formed at the
air/water interface of each compartment by spontaneous evaporation of the
solvent. The water level in each compartment was then raised over the
aperture, resulting in formation of the lipid bilayer in the aperture.

To stabilize the membrane, the solution was left to stand for 5 min, and
then a small amount of a peptide solution in methanol (1 mg/ml) was added
to one compartment of the chamber, which was defined as the cis side. The
cis solution was stirred for ~10 s with a magnetic stirrer, and then a
potential was applied to measure conductance. The potential was expressed
as that of the cis compartment relative to the trans side, which was earthed.
The current across the membrane was measured with an amplifier (Patch/
Whole Cell Clamp Amplifier CE Z-2400; Nihon Kohden, Tokyo, Japan)
and was displayed on a digital storage oscilloscope (COR5521; Kikusui
Electronics, Kawasaki, Japan). The data were recorded and stored with a
Hioki 8840 Memory Hicorder (Hioki, Nagano, Japan).

RESULTS

Trp-quenching measurements by neutral and
acidic liposomes containing DBRPC

To examine the translocation of peptides to lipid bilayers,
Trp fluorescence was measured in the presence of egg PC
liposomes or egg PC/egg PG (3/1 or 7/1) liposomes and
those containing 9,10-DBRPC. When titrated with neutral
liposomes, Hels 13—5 and 11-7 (highly hydrophobic) were
strongly quenched with increasing liposome concentration,
and moderately hydrophobic Hel 9-9 and less hydrophobic
Hel 7-11 and Hel 5-13 were quenched to a lesser extent, as
shown in Fig. 2. Because Trp fluorescence is quenched by
the bromine moiety, the Trp’s in Hels 13-5, 11-7, and 9-9
are located in the phospholipid acyl chain of lipid bilayers.
The dissociation constants of Hels 13-5, 11-7, and 9-9 to
egg PC liposomes were 9.7 uM, 52 uM, and 0.50 mM,
respectively, when calculated from the data of a previous
peptide-lipid titration study by the method of Surewicz and
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FIGURE 2 Quenching of Trp fluorescence by egg PC (4) and by egg
PC-egg PG (B) containing different concentrations of DBRPC at 25°C.
Hels 13-5 (O), 11-7 (@), 9-9 (A), 7-11 (A), and 5-13 (V). Peptide and
lipid concentrations are 4.5 uM and 180 uM (L/p = 40). (Egg PC +
DBRPC)/egg PG was 3:1 for Hels 13-5, 11-7, and 9-9 and 7:1 for Hels
7-11 and 5-13.
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Epand (1984). Because Hels 13-5, 11-7, and 9-9 adopt an
a-helical structure in the presence of egg PC liposomes
(75%, 50%, 22% in helical contents, respectively) as re-
ported previously (Kiyota et al., 1996), these results reveal
that the hydrophobic parts of the amphiphilic helical struc-
ture were immersed in lipid bilayers. It should be mentioned
that the Trp of Hel 711 is not quenched by DBRPC. In this
connection, Hel 7-11 exhibited no wavelength shift of Trp
fluorescence on lipid-titration study and contained no a-he-
lical structure in the presence of neutral liposomes (Kiyota
et al., 1996).

Interestingly, when titrated with acidic liposomes, Hels
13-5, 11-7, and 9-9 were quenched strongly in a parallel
manner with increasing DBRPC concentrations, Hel 7-11
was only moderately quenched, and Hel 5-13 only slightly
quenched. Because in acidic liposomes all of the Hel-series
peptides can take an a-helical structure to varying degrees
(Kiyota et al., 1996), Hel 7-11 as well as Hels 13-5, 11-7,
and 9-9 can also immerse the hydrophobic part of their
amphiphilic structure in the lipid bilayer with the assistance
of the charge interactions between peptide and lipid.

Liposome-lytic activity of peptides

We have previously shown the change in the turbidity of
acidic and neutral liposomes with time after the incubation
of peptides at 25°C (Kiyota et al., 1996). In Fig. 3, the turbid
liposome-clearing ability is shown as a function of concen-
tration of the Hel-series peptides in egg PC and egg PC/egg
PG (= 3/1) liposomes 24 h after incubation of the peptides.

The peptides were added to a neutral liposome solution
exhibiting a 60% transmittance. As shown in Fig. 3 A4, the
transmittance of Hels 11-7 and 13-5 increased gradually
with increasing peptide concentrations and exceeded 90% at
20 uM (L/p = 5/1), suggesting that the size of vesicles
became smaller than that of liposomes in the absence of
peptides (hereafter referred to as “original liposomes”). It
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FIGURE 3 The turbid liposome-clearing ability of the Hel-series pep-
tides as a function of concentration in egg PC (4) and egg PC-egg PG (3:1)
(B) liposomes. The peptides were incubated in turbid liposomes (100 wM)
prepared by vortexing of lipid films in buffer solution at pH 7.4. Data
were collected 24 h after incubation of the peptide. The transmittance
was recorded at 400 nm. Hels 13-5 (O), 11-7 (@), 9-9 (A), 7-11 (A), and
5-13 (V).
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should be mentioned that the clearing ability of Hel 11-7 is
slightly greater than that of Hel 13-5 in the range of con-
centrations examined, as observed in previous time-depen-
dent experiments (Kiyota et al., 1996). This phenomenon
was previously not understood because the magnitude of
hydrophobicity is usually parallel to solubilizing ability.
However, this was clearly solved; that is, the mode of action
of both peptides with lipid bilayer is completely different as
described later. Hel 9-9 decreased its turbidity slightly. No
change in turbidity, on the other hand, was observed for
Hels 7-11 and 5-13, indicating no interaction of the pep-
tides with neutral liposomes.

The turbidity change of acidic liposomes induced by
Hel-series peptides exhibited some characteristic features
differing from that of neutral liposomes. The transmittances
of Hels 11-7 and 9-9 decreased at 5 uM (L/p = 20) and
then increased sharply with increasing peptide concentra-
tion. Above 20 uM, the clearing ability of Hel 11-7 was
stronger than that of Hel 9-9. The transmittance of Hel
13-5 also decreased to a minimum below 10 uM and then
increased gradually with increasing peptide concentration,
but was not over that of original liposomes, suggesting that
the liposomes became larger than the original liposomes. In
contrast, no change in turbidity for Hels 5-13 and Hel 7-11
was observed with increasing peptide concentration, sug-
gesting that these peptides do not interact with acidic
lipid bilayers. However, as described later, the size of Hels
7-11 and 5-13 became larger immediately even at low
peptide concentrations, meaning that no change in turbidity
may come from the increase in size due to the liposome
aggregation.

Change in liposome size induced by peptides

To obtain more precise information on the interaction of the
peptides with neutral and acidic liposomes, the effect of the
peptides on the size distribution of liposomes was examined
by dynamic light scattering measurements. Fig. 4 shows the

A) B)
e [ &
= 10!
€
£
— 100
'2 A
Q 95 A
E (3
;E 90
S s *
£
80
A
| ] | ] i i i |
75
0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)

FIGURE 4 Change in mean hydrodynamic diameter of egg PC (4) and
egg PC-egg PG (3:1) (B) liposomes as a function of time after incubation
of the Hel-series peptides. Peptide and lipid concentrations are 20 uM and
100 M, respectively. No peptide addition (), Hels 13-5 (O), 11-7 (@),
9-9 (), 7-11 (A), and 5-13 (V).
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change in liposome size with time after the addition of the
peptides to liposome solution at peptide/lipid concentrations
of 20 uM/100 uM. Fig. 5 depicts the dependence of lipo-
some size on the peptide concentration. The size of lipo-
somes was measured after a 24-h incubation.

As shown in Fig. 4 4, the addition of Hels 11-7 and 13-5
to egg PC liposomes resulted in an immediate and drastic
increase in liposome size. These peptides led to an increase
in the liposome size over 300 nm compared with the orig-
inal size (~80 nm) at a peptide concentration of 20 uM
(L/'p = 5/1) (Fig. 5 A). Hel 7-11 exhibited a gradual
increase in liposome size at 20 uM (Fig. 4 4) but drastically
increased at 40 uM (more than 300 nm) (Fig. 5 A4). In
contrast, Hels 9-9 and 5-13 increased the liposome size
only slightly within 3 h after their addition. Some of the
results obtained by the size determination of liposomes
seem to be inconsistent with those of liposome-lytic exper-
iments monitored by turbidity measurements. For instance,
1) for incubation with Hel 13-5, the turbidity of the lipo-
some solution is decreased, but the liposome size increased,;
2) for Hel 7-11, the turbidity did not change, but the
liposome size increased. We will discuss this problem later
with the aid of electron microscopy.

Contrary to the case of neutral liposomes, the changes in
size distribution of acidic liposomes composed of egg PC/
egg PG (= 3/1) resulting from the addition of the peptides
are more apparently consistent with the results of turbidity
experiments (Figs. 3 B, 4 B, and 5 B). The peptides Hels
5-13, 7-11, and 13-5 all induced an increase in turbidity
and led to a rapid and drastic increase in the size of lipo-
somes (more than 300 nm), even at low peptide concentra-
tions. On the other hand, Hel 9-9, which, remarkably,
decreased turbidity, led to a decrease in the size of lipo-
somes (a mean diameter pf ~75-80 nm) at a peptide
concentration below 10 uM; L/p = 10/1). After that, no size
change was observed with increasing peptide concentration
(80 uM; L/p =~ 1). Interestingly, Hel 11-7, which decreased
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FIGURE 5 Change in mean hydrodynamic diameter of egg PC (4) and
egg PC-egg PG (3:1) (B) liposomes as a function of peptide concentration
at 24 h after incubation with the Hel-series peptides. Lipid concentration is
100 uM. No peptide addition (4 ), Hels 13-5 (O), 11-7 (@), 9-9 (»), 7-11
(A), and 5-13 (V).
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the turbidity of the liposome solution, led to a gradual
increase in the liposome size with time at a peptide concen-
tration of 20 uM (L/p = 5/1); the size increase became
more pronounced at high peptide concentration (L/p = 5/2).

Electron microscopy

To investigate how the changes in turbidity and the size of
liposomes induced by the Hel-series peptides are related to
morphological changes of liposomes, an electron micros-
copy study was carried out. Egg PC and egg PC/egg PG (=
3/1) liposomes (1 mM) prepared by the extrusion method
(Mayer et al., 1986) in the presence of EDTA were visual-
ized through an electron microscope before and after the
addition of peptide (200 uM). Fig. 6, 4-n and A-a, shows
representative micrographs of egg PC and egg PCl/egg PG
(= 3/1), respectively, taken at pH 7.4 without peptide. The
particle diameter of liposomes of neutral or acidic lipo-
somes was in the range of 30—100 nm. The mean diameter
was ~60 nm.

Micrographs taken 24 h after the addition of the Hel-
series peptides to neutral and acidic liposomes are shown in
Fig. 6 B—F. In the presence of Hel 5-13, the shape and size
of neutral liposomes did not change (Fig. 6 B-n), but for
acidic liposomes, large aggregates of the liposomes (more
than 1000 nm in diameter) were observed (Fig. 6 B-a), in
which the size and shape of the respective constituent lipo-
somes are almost the same as those of the original lipo-
somes. It was noted that occasionally liposomes larger (but
less than 150 nm) than the original liposomes were also
observed for acidic liposomes in electron micrographs, sug-
gesting that liposome fusion rarely took place (Fig. 6 B-a).
The electron micrographs of Hel 7-11 in neutral liposomes
showed the existence of small aggregates (maximum diam-
eter: ~150 nm) as well as the original liposomes. In the case
of acidic liposomes, however, in a manner similar to that of
Hel 5-13, large aggregates were occasionally observed to
contain the larger liposomes (Fig. 6 C).

Morphological changes to both acidic and neutral lipo-
somes induced by Hel 9-9 were similar to those seen for the
addition of Hel 11-7 (Fig. 6 D—FE). This indicated that the
two peptides interact with acidic and neutral lipid bilayers
by a similar mechanism. In the case of neutral liposomes,
the liposome became smaller in size (particle diameter
distribution in 20—60 nm) and more rugged in shape after
the addition of peptides. This indicates bicellar or micellar
formation, resulting from the fragmentation of the original
liposomes. Similar bicellar formation was observed as a flat
sheet structure for the interaction of a lytic peptide, mellitin,
with egg PC-dicetylphosphate-cholesterol (7:2:1) liposomes
(Sessa et al., 1969) or egg PC (Dufourcq et al., 1986). Hel
11-7 occasionally forms large assemblies of the small par-
ticles (bicelles and/or micelles; diameter distrubution in
20-40 nm), shown in Fig. 6 E-n. In acidic liposomes, the
morphological change was more marked than that in neutral
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FIGURE 6 Electron micrographs of negatively stained liposomes. Egg PC alone (4-n) and egg PC-egg PG (3:1) liposomes alone (4-a); egg PC and egg
PC-egg PG (3:1) liposomes incubated with Hels 5-13 (B-n and B-a), 7-11 (C-n and C-n), 9-9 (D-n and D-a), 11-7 (E-n and E-a), and 137 (F-n and F-a)
for 24 hr. Peptide and lipid concentrations are 0.2 mM and 1 mM, respectively. The bar represents 200 nm.

liposomes; bicelles (or micelles) induced by both peptides
were more abundant. The assemblies of the small particles
induced by Hel 11-7 were much larger (more than 200 nm
in diameter) than those induced by Hel 9-9 (~150 nm in
diameter) (Fig. 6, D-a and E-a). The increase in the size of

liposomes was also observed by dynamic light scattering
measurements. This rules out the possibility that the aggre-
gation observed by electron microscopy was an artifact
resulting from dehydration during preparation on the grid
used for observation by electron microscopy.
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FIGURE 6—Continued.

Interestingly, Hel 13-5 interacted with neutral and acidic
liposomes in a quite different manner, as shown in Fig. 6 F.
When the peptide was added to neutral liposomes, the
vesicle structure of the original liposomes disappeared com-
pletely, and lots of twisted ribbon-like fibers longer than
500 nm (mean diameter ~10 nm) were observed to lie on
each other (Fig. 6 F-n). We have determined that the fiber
structure does not result from a conformational change in

the peptide itself (from a-helical structure to B-structure).
The circular dichroism (CD) spectrum of the peptide in the
electron microscopy specimen showed a-helical structure in
the liposome solution. There must be a new architecture
formed at a certain composition of peptide and lipid. On the
other hand, in acidic liposomes large assemblies, often more
than 500 nm in diameter, were observed (Fig. 6 F-a). The
assemblies were spherical, which indicated that they are
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large unilamellar liposomes resulting from the fusion of
several smaller liposomes.

Formation of ion channels

The planar bilayer method (Montal and Mueller, 1972;
Iwata et al., 1994) was employed to examine whether the
Hel-series peptides are able to form ion channels. Egg yolk
phosphatidylethanolamine (egg PE)/egg PC and egg PE/
bovine brain phosphatidylserine (brain PS) (7:3) were used
as neutral and acidic phospholipid bilayers, respectively,
because of the difficulty of forming stable planar bilayers
with egg PC and egg PC/egg PG (= 3/1). As the current
fluctuation between acidic and neutral planar bilayers in-
duced by methanolic Hel-series peptides was quite differ-
ent, the fraction of the number of runs in which membrane
fluctuations were observed at an applied 50-mV membrane
potential for 15 min after the addition of each peptide to the
cis compartment was counted as listed in Table 1. No
current change was oberved when only methanol, the sol-
vent, was added to the chamber. Hel 11-7 (3.3 uM) exhib-
ited constant membrane currents in both media. Hel 9-9
also caused moderate channel fluctuation, which occurred
more frequently in acidic liposomes than in neutral lipo-
somes. Interestingly, for Hel 13—5 a channel-like fluctuation
occurred only at 6.6 uM in neutral liposomes and was not
observed in acidic liposomes. No current fluctuation was
observed for Hels 7-11 and 5-13.

Representative channel traces formed by peptides at an
applied potential of 50 mV at a low concentration of 3—7
M in neutral liposomes are shown in Fig. 7. After the
addition of Hel 11-7 to the cis compartment of the chamber,
a spike-like increase in current appeared after a time lag of
~10 min. By expanding the time scale (Fig. 7 a, inset), the
current mode was found to consist of channel-type open-
ings. The channel shows many different conductance levels.
The lifetimes of the open states are very short, less than a
second. By changing the membrane potential from positive
to negative, the direction of the currents was reversed, but
the channel events were slowed down.

The addition of Hel 13-5 also resulted in spike-like
increases in current (Fig. 7 b); however, the open state had
a much shorter lifetime, as shown in the channel trace of an

TABLE 1
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FIGURE 7 Current traces after the addition of Hels 11-7 (a), 13-5 (b),
and 9-9 (¢) in planar lipid bilayers (PE/PS = 7:1). Methanolic solutions of
peptides were added to the cis compartment of the chamber with stirring,
and then a membrane potential of +50 mV was applied. When necessary,
the membrane potential was changed to —50 mV. The dashed line indicates
the zero current level. A time expansion for part of the trace is also shown.
Peptide concentrations of the cis compartment are ~3.3 uM for Hels 11-7
and 9-9 and ~6.6 uM for Hel 13-5.

expanded time scale. In Fig. 7 ¢, Hel 9-9 shows two current
modes: one is a gradual increase in the conductance with
time (mode 1 current), and the other is a spike-like increase

Channel appearance probabilities of the Hel peptide series

Channel formation probability

PE/PC PE/PS
3.3 pumol 6.6 wmol Total 3.3 pumol 6.6 wmol Total
Hel 13-5 0/2 2/7 2/9 0/4 0/2 0/6
Hel 11-7 5/5 3/3 8/8 5/8 1/1 6/9
Hel 9-9 2/5 172 3/7 2/5 2/6 4/11
Hel 7-11 0/2 0/2 0/4 0/2 0/2 0/4
Hel 5-13 0/1 0/1 0/2 0/2 0/2

The probability is expressed as a function of the number of runs in which channel activity was observed at 50 mV within 30 min after addition of each
peptide to the cis compartment of the chamber. Experiments were performed in 100 mM KCI solution in a symmetrical cell.
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in the current (mode 2) appearing with a time lag and
overlapping the mode 1 current. Mode 2 current also shows
channel-like opening and closing with many different con-
ductances. These results indicate that Hels 13-5, 11-7, and
9-9 are all able to aggregate to form a pore in lipid bilayers,
although the channel properties of each are quite different.
The channel traces of the Hel-series peptides in acidic lipid
bilayers or their detailed channel properties in both media
will be reported elsewhere.

Interestingly, in asymmetrical KCI solution (cis, 1 mM;
trans, 100 mM) with no membrane potential (0 mV), the
current flowed from cis to trans, indicating that the channel
of Hel 11-7 is cation-selective (data not shown). These
findings are consistent with those of amphiphilic peptides
with repeating units of basic residues (Anzai et al., 1991;
Iwata et al., 1994).

DISCUSSION

The structure of molecular assemblies of lipid-peptide mix-
ture is mainly constructed with the following three interac-
tions: the hydrophobic interaction between the apolar face
of the peptide helices and lipid core, the polar interaction
between the hydrophilic side of peptide and lipid head-
group, and the interaction of hydrophilic residues of peptide
with aqueous solvent (McLean et al., 1991). In a previous
study, we have shown that the HHB of amphiphilic peptides
largely dominates peptide-peptide and peptide-lipid interac-
tion modes. Based on the experimental results, we have
proposed a model to explain the interaction of the Hel-series
peptides with lipid bilayers, which corresponds to the trans-
formation processes a—#4 in Fig. 8 (Kiyota et al., 1996). All
of the modes of interaction a—#4 of lipid-peptides in Fig. 8
were confirmed with minor revision by the present experi-
ments, and furthermore, new molecular assemblies and
transformation pathways (to i—m) were found. The experi-
mental evidence for the present models will be described
below.

Hel 13-5 has the largest hydrophobic face of the Hel
series and binds most strongly to the lipid bilayers. It
exhibited quite different interaction modes for acidic and
neutral liposomes; fibril formation occurred after its addi-
tion to egg PC liposomes (see Fig. 8, pathway to i), and a
fusion body resulted from its addition to egg PC/egg PG (=
3/1) (see pathway to j in Fig. 8). The channel-forming
ability in planar lipid bilayers is different for neutral lipid
bilayers (egg PE/egg PC = 7/3) and acidic bilayers (egg
PE/brain PS = 7/3); Hel 13-5 forms an ion channel in
neutral but not in acidic lipid bilayers (Table 1 and pathway
to A in Fig. 8).

Dynamic light scattering measurements for neutral lipo-
somes revealed that at an L/p ratio below 5 (peptide con-
centration, 20 uM), liposome size increased gradually after
the addition of Hel 13-5 (Fig. 5 4), indicating that at these
concentrations, Hel 13—5 mainly forms ion channels (see
Fig. 7 and pathway to % in Fig. 8). The liposome size
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FIGURE 8 A representative scheme for the interaction mode of the
Hel-series peptides with lipid bilayers. The captions of the pathways (a—#)
have been given previously (Kiyota et al., 1996). New molecular assem-
blies and transformation pathways are as follows. (i) A twisted ribbon-like
fibril structure resulting from the effect of Hel 13—5 on neutral lipids. (j) A
fused form induced by Hel 13-5 in acidic liposomes. (k) An aggregated
form of bicelles and/or micelles formed by peptides interacting with neutral
or acidic liposomes (Hel 9-9 and 11-7). (/) A hydrophobic interaction
between some hydrophobic residues of a random coil peptide and neutral
lipid bilayers (Hel 7-11). (m) A large aggregate formed from intact and
occasionally fused liposomes (Hels 5-13, 7—11). In the figure, the head-
group of acidic phospholipid is marked in black.

increased from 80 nm to more than 300 nm at L/p = 5.
However, the drastic decrease in turbidity after incubation
of the peptide together with neutral liposome suggests that
the liposome might have fragmented into bicelles or mi-
celles. This discrepancy originated from different experi-
mental techniques and was solved by electron microscopic
observation; the electron microscopy clearly demonstrated
that the fibril structure (~10 times more than 500 nm) is
formed from a mixture of liposomes and Hel 13-5 (see Fig.
6 F-n).

The turbidity depends on the difference in the refractive
indices between the scattering entity and the medium; the
larger the difference is, the more turbid the solution be-
comes. It is likely that the lipid and peptide molecules are
packed more loosely in the fibril assembly than in the
liposomal assembly. In this case, the difference in the re-
fractive indices between the molecular assembly and aque-
ous phase was smaller for the fibril structure than for the
liposomal structure. The addition of Hel 13-5 to the neutral
liposome solution results in a decrease in turbidity, accom-
panied by a transformation from liposome to fibril structure.
In dynamic light scattering, on the other hand, the “size” of
particles in solution is evaluated based on the translational
diffusion coefficient of one particle, which is reflected in the
fluctuation of scattered light intensity. The diffusion rate of the
solutes with fibril structure should be quite low. Thus the size
of the molecular assembly with fibril structure would appar-
ently become very large, when derived from dynamic light
scattering by a conventional analysis procedure.

On the other hand, the increase in turbidity (Fig. 3 B) and
in liposome size (Figs. 4 and 5) caused by the addition of
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Hel 13-5 to acidic liposomes and the appearance of rela-
tively smooth spheres (Fig. 6 F-a) revealed that the large
unilamellar liposomes are formed by the fusion of original
small acidic liposomes (pathway to j in Fig. 8). The lipo-
some size increase is not prominent below L/p = 10/1 at
24 h after the addition of the peptide, in which the liposome
turbidity is at maximum. Above L/p = 5, the liposome size
is drastically increased and the turbidity is slightly de-
creased. These results suggest that at high L/p, peptides may
accumulate in the lipid bilayer surface, partially penetrating
the hydrophobic group, which accompanies the reduction of
the surface charge due to the electrostatic peptide-lipid
interaction (Fig. 2 B). With lower L/p, the surface charge of
the outer leaflet in bilayers is reduced or neutralized by the
cationic groups of peptides. This facilitates the interaction
with other liposomes through charge interaction (see path-
way to f in Fig. 8). Furthermore, the reduction in surface
charge may lead to a decrease in the anchoring ability of
peptide molecules in the lipid bilayer. As a result, the
predominant hydrophobic interaction between peptide and
lipid favors the penetration of Hel 13—5 from the bilayer
surface into the nonpolar acyl chain region, resulting in the
disturbance of the membrane and fusion (see pathway to j in
Fig. 8). A comparable interaction mode has recently been
proposed on the basis that the membrane-disturbing effect
of a peptide, KLAK, having almost the same hydrophobic-
ity and hydrophilic angle as Hel 13-5, is enhanced with a
decreasing amount of anionic phospholipid in the bilayer,
despite the drastic reduction of binding affinity (Dathe et al.,
1996). It is noted that Hel 13—-5 did not form ion channels.

Hels 11-7 and 9-9 interact with lipid bilayers in a similar
manner, although there are some differences. As shown in
the previous and present fluorescence studies, both peptides
can partially insert the hydrophobic part of their amphiphilic
helix into a lipid bilayer. Both peptides solubilize liposomes
to small bicelles or micelles (~20—60 nm in diameter),
because many particles smaller than the original liposomes
(30—100 nm) were observed in electron micrographs (Fig.
6, D and E). The reduction in turbidity by the addition of
peptides to liposomes also supports such observations (Fig.
3). As compared with their solubilization ability, Hel 11-7 is
much higher than Hel 9-9, especially for neutral lipid
bilayers. However, according to the results of the dynamic
light scattering analysis, the addition of Hel 11-7 to neutral
and acidic liposomes led to an increase in particle size in
comparison with the original liposomes. Electron micro-
graphs of acidic and neutral liposomes 24 h after the addi-
tion of peptide showed the presence of large assemblies
more than 500 nm in diameter, formed by the gathering of
small particles produced by fragmentation of liposomes.
These results indicate that Hel 11-7 first solubilizes lipo-
somes to small particles (bicelle and/or micelle) (see path-
way to e in Fig. 8), and then the bicelles formed produce
large aggregate (see pathway to & in Fig. 8), resulting in an
increase in mean diameter, as observed by the light scatter-
ing experiment. Hel 9-9, like Hel 11-7, also produces a
small aggregate (no longer than 150 nm) and many small
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bicelles (Fig. 6 D) with a mean diameter (see Fig. 4) smaller
in acidic liposomes and slightly larger in neutral liposomes
than the original liposomes. It should be mentioned that the
difference between Hels 11-7 and 9-9 in acidic liposomes
may come from a difference in charge as well as hydropho-
bicity. Hels 11-7 and 9-9 form ion channels in neutral and
acidic lipid bilayers. Hel 11-7 formed channels more fre-
quently than Hel 9-9 (Table 1), and its ion selectivity was
cationic. The peptides with an HHB equivalent to Hels 11-7
and 9-9 are common in recent literature and are as follows:
1) naturally occurring antibacterial and toxic peptides, such
as cecropin, magainin, mastoparan (Segrest et al., 1990;
Saberwal and Nagaraj, 1994); 2) amphiphilic model pep-
tides that dissolve membranes by forming bicelles (Reynaud
et al.,, 1993); and 3) cation-selective ion channel-forming
model peptides (Polozov et al., 1997; Iwata et al., 1994;
Agawa et al., 1991; Anzai et al., 1991; Lee et al., 1993).

Hels 7-11 and 5-13 interact with neutral or acidic lipo-
somes in a basically similar manner, as observed in present
electron micrographs. In a previous study, we proposed that
although both peptides interact with an acidic lipid bilayer
by charge interactions between anionic lipid headgroups
and cationic Lys residues, the hydrophobic parts of the
peptides are not inserted into the lipid bilayers (see pathway
to ¢ in Fig. 8). But as described in the present Trp-fluores-
cent quenching studies (Fig. 2 B), Hel 7-11 is able to insert
its hydrophobic parts into the lipid core with a weaker
interaction than Hels 9-9, 11-7, and 13-5 (see pathway to
d in Fig. 8). The charge interaction between the cationic
residues in peptides and the anionic headgroups of acidic
phospholipid may help such hydrophobic interactions.
However, Hel 7—11 cannot fragment acidic liposomes, de-
spite the insertion of its hydrophobic parts into lipid bilay-
ers. This may be due to the fact that there is no deep transfer
from the surface to the lipid core because of low hydropho-
bicity, resulting in no channel or pore formation.

In any case, the electron micrograph seen 24 h after the
addition of both peptides demonstrates the presence of large
assemblies produced by the aggregation of original lipo-
somes (Fig. 6, B-a and C-a, and pathway to m in Fig. 8),
which took place rapidly after the addition of the peptides,
as shown in Fig. 4 B. These assemblies are easily dissoci-
ated to original liposomes by weak sonication, as reported in
previous investigations (Kiyota et al., 1996). It should be
mentioned that in electron micrographs, liposomes larger
(less than 200 nm) than the original liposomes were occa-
sionally observed, suggesting that liposome fusion rarely
takes place.

As shown in the previous study, no interaction behavior
was observed for Hels 7-11 and 5-13 in neutral liposome.
However, the present light scattering study on Hel 7-11
shows that the size of liposomes is gradually increased with
time after the addition of peptide (Fig. 4 4) and became 1.3
times larger than the original liposomes after 24 h (Fig. 5 4).
Such results are supported by the formation of small aggre-
gates, as shown by electron micrographs (Fig. 6 C-n). It
should be noted that in such a situation, the peptide does not
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take an a-helical structure (Kiyota et al., 1996) and does not
immerse the Trp residue in the lipid core, as seen in Fig. 2
A. These results suggest that Hel 7—11 interacts with neutral
lipids, probably by a hydrophobic interaction between hy-
drophobic Leu residues in the peptide and the lipid bilayer
(pathway to / in Fig. 8).

It would be helpful to determine for any given peptide the
value of its HHB at which it inserts into the hydrophobic
region of the bilayer. The degree of hydrophobicity at which
peptides will insert into the lipid bilayer has been exten-
sively studied as a function of their amino acids, using
model peptides and model membranes (Deber and Goto,
1996; Blondelle et al., 1997). Spontaneous insertion of
peptides into lipid bilayers has also been studied for alter-
ation of hydrophobicity of model peptides (Chung and
Thompson, 1996; Liu and Deber, 1997). However, the
boundary hydrophobicity partitioning peptides into lipid
bilayers is not yet understood. In the present study, the
boundaries of hydrophobic interaction are likely to present
at a slightly less hydrophobic angle (between Hels 7—11 and
Hel 9-9). Such peptides can bind to lipids through their
hydrophobic residues or by the formation of a hydrophobic
part of the helix generated by a helpful interaction with the
charged groups of a lipid. In connection with this, Oren et
al. (1997) have shown by antibacterial studies on Gram-
negative bacteria that if the peptide possesses enough hy-
drophobic residues to inhibit the growth of bacteria, an
a-helical structure is not needed.

Brasseur (1991) has attempted a classification of lipid-
associating helices with different hydrophobic and hydro-
philic angles. If the hydrophobic angle is greater than 180°,
then the helix will pack as a transmembrane pore (class I);
if the angle is equal to 180°, then the helix will lie parallel
to the membrane surface (class II); and if the angle is less
than 180°, the helix will solubilize the lipid bilayers by the
formation of discoidal particles as the helices around the
edge of the lipid bilayer (class III). Brasseur et al. (1997)
have reviewed how peptides tip the balance of membrane
stability (named as oblique peptides) by possessing a hy-
drophobicity between 0.2 and 0.6 and a high amphiphilicity
as well as a hydrophobic moment around 0.4. Peptides play
an important role in intra- and intercellular functions, such
as the cellular process of vesicular fusion, protein transport
across subcellular compartments, and remodeling of lipid
cores (class 1V).

The Hel-series peptides have relatively high hydrophobic
moments (wH = 0.35—0.50) and different hydrophobicities
(H = 0.07, —0.11, —0.29, —0.48, and —0.66) resulting
from various hydrophobic angles (260°, 220°, 180°, 140°,
and 100°). When applying the Brasseur classification of the
Hel-series peptides, Hel 11-7 and 9-9 possess the character
of class I, II, and III, namely channel formation, lying
parallel to the lipid surface and bicellar and micellar forma-
tion. Most naturally occurring membrane-acting peptides,
such as magainin, cecropin, and mastoparan, belong to these
classes.
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Only Hel 13-5 belongs to class IV. Most surprising is the
fact that the mixing of Hel 13-5 with neutral liposomes
resulted in fibril formation and mixing with acidic lipo-
somes induced liposome fusion. Obliquely oriented pep-
tides (class 1V) often mediate the formation of neurotoxicity
amyloid fibrils as well as a fusion event. This suggests that
peptides occurring in membrane, such as amyloid peptide or
prion disease peptide, may change the action mode by their
existing surroundings as follows: 1) by affecting the remod-
eling of lipid cores to fibril forms with lipids or (2) by
mediating cytotoxicity through a direct perturbation of the
cellular plasma membrane or vesicle fusion.

In conclusion, we have shown that the HHB of a peptide
is a crucial factor in understanding its lipid-peptide interac-
tion. Furthermore, the composition of phospholipids within
a lipid bilayer largely affects its morphological change. In
this connection, there is a report that a membrane-lytic
peptide that belongs to class II according to the Brasseur
classification as described above can fragment acidic lipo-
somes composed of dioleoylphosphatidylcholine (DOPC)-
dioleoylphosphatidylglycerol; this is consistent with our
experimental results. However, it induced fusion of neutral
liposomes composed of DOPC and dioleoylphosphati-
dylethanolamine, which contradicts our results (Polozov et
al., 1997). This indicates how a subtle difference in lipid
composition can induce a different mode of interaction. A
study of interactions of the Hel-series peptides with lipid
bilayers composed of different phospholipids and various
compositions is in progress.
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