
Effect of Phospholipid Composition on an Amphipathic Peptide-Mediated
Pore Formation in Bilayer Vesicles

François Nicol,*† Shlomo Nir,‡ and Francis C. Szoka, Jr.*
*School of Pharmacy, University of California, San Francisco, California 94143-0446 USA; †Centre de Recherche Paul Pascal, CNRS,
33600 Pessac, France; and ‡Seagram Center for Soil and Water Sciences, Faculty of Agricultural, Food and Environmental Quality
Sciences, The Hebrew University of Jerusalem, Rehovot 76100, Israel

ABSTRACT To better understand the influence of phospholipid acyl-chain composition on the formation of pores by
cytotoxic amphipathic helices in biological membranes, the leakage of aqueous contents induced by the synthetic peptide
GALA (WEAALAEALAE ALAEHLAEALAEALEALAA) from large unilamellar phospholipid vesicles of various compositions has
been studied. Peptide-mediated leakage was examined at pH 5.0 from vesicles made of phosphatidylcholine (PC) and
phosphatidylglycerol (PG) with the following acyl-chain compositions: 1-palmitoyl-2-oleoyl (PO), 1,2-dioleoyl (DO), 1,2-
dielaidoyl (DE), and 1,2-dipetroselinoyl (DPe). A mathematical model predicts and simulates the final extents of GALA-
mediated leakage of 1-aminonaphthalene-3,6,8-trisulfonic acid (ANTS) and p-xylene-bis-pyridinium bromide (DPX) from
1-palmitoyl-2-oleoyl-phosphatidylcholine/1-palmitoyl-2-oleoyl-phosphatidylglycerol (POPC/POPG) and 1,2-dielaidoyl-sn-
glycero-3-phosphocholine/1,2-dielaidoyl-phosphatidylglycerol (DEPC/DEPG) liposomes at pH 5.0 as a function of peptide
concentration in the bilayer, by considering that GALA pores responsible for this leakage have a minimum size of 10 � 2
monomers and are formed by quasiirreversible aggregation of the peptide. With the phospholipid acyl-chain compositions
tested, GALA-induced ANTS/DPX leakage follows the rank order POPC/POPG � DEPC/DEPG � DPePC/DPePG � DOPC/
DOPG. Results from binding experiments reveal that this reduced leakage from DOPC/DOPG vesicles cannot be explained
by a reduced binding affinity of the peptide to these membranes. As shown by monitoring the leakage of a fluorescent
dextran, an increase in the minimum pore size also does not explain the reduction in ANTS/DPX leakage. The data suggest
that surface-associated GALA monomers or aggregates are stabilized in bilayers composed of phospholipids containing a cis
unsaturation per acyl chain (DO and DPe), while transbilayer peptide insertion is reduced. GALA-induced ANTS/DPX leakage
is also decreased when the vesicles contain phosphatidylethanolamine (PE). This lends further support to the suggestion that
factors stabilizing the surface state of the peptide reduce its insertion and subsequent pore formation in the bilayer.

INTRODUCTION

The synthetic peptide GALA (WEAALAEALAEALAE-
HLAEALAEALEALAA) has been designed to undergo a
pH-sensitive conformational change (Subbarao et al., 1987)
that results in a �100-fold increase in the apparent egg PC
bilayer/water partition coefficient of the peptide (Parente et
al., 1990a). In aqueous solution at neutral pH the formation
of an �-helix is disfavored because of the electrostatic
repulsions between the carboxylic acid moieties of the glu-
tamic acid residues, whereas at pH 5.0 the neutralization of
these groups promotes the formation of an amphipathic
�-helix and the binding to phosphatidylcholine (PC) bilay-
ers (Subbarao et al., 1987; Parente et al., 1990a). In the
optimal pH range of 5.0 and below, GALA induces the
leakage of liposome-encapsulated 1-aminonaphthalene-
3,6,8-trisulfonic acid/p-xylene-bis-pyridinium bromide
(ANTS/DPX) at very low ratios of membrane-bound pep-
tide per vesicle and induces rapid flip-flop of membrane
phospholipids (Subbarao et al., 1987; Parente et al., 1990b;
Fattal et al., 1994). Interpretation by a mathematical model

of GALA-induced leakage of ANTS/DPX (Parente et al.,
1990b; Nicol et al., 1996) or flip-flop of phospholipids
(Fattal et al., 1994) from 1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho-choline (POPC) and egg PC liposomes at pH 5.0
has led to the proposition that the peptides aggregate in a
quasiirreversible fashion in the bilayer to form size-selec-
tive pores. Only the aggregates that contain 10 � 2 or more
helices induce ANTS/DPX leakage and pore-mediated lipid
flip-flop (Parente et al., 1990b; Fattal et al., 1994; Nicol et
al., 1996). The addition of the anionic phospholipid
1-palmitoyl-2-oleoyl-phosphatidylglycerol (POPG) (up to
66.6 mol%) to a POPC bilayer does not modify the peptide
efficiency to induce leakage of ANTS/DPX from vesicles at
pH 5.0 (Nicol et al., 1996). However, the presence of
cholesterol in the bilayer (�20 mol%) decreases GALA-
induced leakage of ANTS/DPX, because of a reduced bind-
ing affinity of GALA to cholesterol-containing vesicles and
an increased reversibility of peptide aggregation in these
membranes (Nicol et al., 1996). These phenomena are ac-
centuated when the cholesterol content is increased from 20
to 40 mol%.

The cytotoxic potency of natural amphipathic �-helical
toxins is also modulated by the lipid composition of the
target cell membrane(s). These peptides are believed to
exert their cytotoxic activities directly on the lipid matrix of
the cell membrane (Boman, 1994), by inducing its perme-
abilization, disruption, or disintegration. The proposed
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mechanisms of permeabilization of model lipid bilayers by
these peptides, including melittin, �-toxin, magainins, ala-
methicin, pardaxins, and mastoparans, is the formation of
aqueous pores (Schwarz and Arbuzova, 1995; Matsuzaki et
al., 1995a, 1996, 1997a,c; Rapaport et al., 1996; Rex, 1996;
Ludtke et al., 1996; He et al., 1996a,b; Ladokhin et al.,
1997). Studies that investigate the effect of lipid composi-
tion on peptide-induced perturbations of model membranes
(liposomes or planar lipid films) or biomembranes can
elucidate the principles that govern the cell selectivities
displayed by natural �-helical toxins (Matsuzaki et al.,
1995b; Tytler et al., 1995; Silvestro et al., 1997). The
cytotoxic activities of these peptides can vary significantly
in efficacy if the target cells are of bacterial or mammalian
origin (Steiner et al., 1981; Zasloff, 1987; Chen et al., 1988;
Katsu et al., 1989, 1990; Matsuzaki et al., 1997b). Thus the
focus of many studies on peptide-mediated bilayer pertur-
bations is based on the differences in lipid composition
between erythrocytes and bacterial membranes (Christensen
et al., 1988; Portlock et al., 1990; Matsuzaki et al., 1991,
1995b; Gazit et al., 1994, 1995; Silvestro et al., 1997). The
outer leaflet of human erythrocyte membranes is exclu-
sively composed of zwitterionic phospholipids (Verkleij et
al., 1973), whereas bacterial membranes abundantly contain
acidic phospholipids as well as lipopolysaccharides (LPSs)
in the outer membrane of Gram-negative bacteria (Duck-
worth et al., 1974; Rothman and Kennedy, 1977). Cholesterol
is very abundant in erythrocyte membranes (Turner and
Rouser, 1970) but is absent in bacterial membranes.

Studies on cecropin- and magainin-induced permeabili-
zation of liposomes have deduced that the reduced hemo-
lytic activity of these peptides, in comparison to their anti-
bacterial activities, arises primarily from the difference in
anionic phospholipids between the erythrocyte and the bac-
terial membranes (Gazit et al., 1994, 1995; Matsuzaki et al.,
1995b). Although to a lower extent than the absence of
anionic lipids, the high cholesterol content of erythrocyte
membranes is responsible for the low hemolytic activity of
magainin-2 (Matsuzaki et al., 1995a). The same study con-
cluded that cholesterol does not affect melittin-induced per-
meabilization of vesicles. However, Portlock et al. (1990)
and Benachir et al. (1996) reported a reduction in melittin’s
efficacy in inducing dye leakage from cholesterol-contain-
ing liposomes. This effect was due primarily to a reduction
in the membrane-binding affinity of the peptide (Benachir et
al., 1996).

The membrane-perturbing activities of amphipathic �-he-
lical peptides may also depend on the lipid acyl-chain
structure, which affects membrane fluidity. However, this
lipid-structure/peptide-function relationship is poorly un-
derstood. Peptide-membrane interactions can vary signifi-
cantly with acyl-chain length, because of the effect of this
length on membrane thickness. Membrane insertion of hy-
drophobic �-helices has been shown to be regulated by the
degree of hydrophobic mismatch between the length of the

helix and the thickness of the bilayer hydrophobic core (Ren
et al., 1997). It was reported that cecropin AD aggregation
in model bilayers and alamethicin membrane-binding affin-
ity vary with the length of the lipid acyl-chains (Stankowski
et al., 1988; Stankowski and Schwarz, 1989; Mchaourab et
al., 1994). Changes in membrane fluidity can modify mem-
brane permeabilization and morphological changes of ves-
icles induced by amphipathic �-helical peptides. Matsuzaki
et al. (1991) showed that magainin is more efficient in
inducing calcein leakage from vesicles in the liquid-crystal-
line state (1,2-dioleoyl-phosphatidylglycerol, DOPG) than
in the gel state (DPPG). It was suggested that melittin-
induced fragmentation of multilamellar DPPC vesicles into
small disks occurs preferentially with gel-phase phospho-
lipids, because of a deeper peptide insertion into the core of
the bilayer (Dufourcq et al., 1986; Dufourc et al., 1986).
With the bacterial peptide �-toxin, vesicle fragmentation is
favored for phospholipids in the liquid-crystalline state,
which was explained by an expulsion of the peptide from
the core of gel-phase bilayers (Dufourc et al., 1990). Inter-
estingly, acyl-chain length modulates the stability of the
discoidal structures induced by melittin (Faucon et al.,
1995) and GALA (Subbarao et al., 1988). In addition, the
inclusion of unsaturated lipids, cholesterol, or negatively
charged lipids in DPPC vesicles reduces the extent of mi-
cellization induced by melittin (Monette et al., 1993; Mon-
ette and Lafleur, 1995, 1996; Pott and Dufourc, 1995).

Only a few studies, however, have focused on the effect
of varying the degree of unsaturation of the lipid acyl chains
with membranes in the liquid-crystalline state. Rex (1996)
reported that, for the same number of membrane-bound
peptides per vesicle, melittin is less efficient at inducing
carboxyfluorescein leakage by pore formation from lipo-
somes composed of 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC) (18:1n-9cis)(18:1n-9cis) than from vesicles
made of POPC (16:0)(18:1n-9cis). The critical peptide/lipid
molar ratio (P/L)* above which alamethicin is membrane-
inserted in a pore structure was shown to vary considerably
with the phospholipid acyl-chain structure (Huang and Wu,
1991; Wu et al., 1995). Interestingly, the structure of the
membrane pores formed by alamethicin also depends on the
phospholipid composition. Indeed, the pore is constituted of
11 transmembrane helices in DPhPC membranes and eight
helices in DLPC membranes (He et al. 1995, 1996a,b).

The current study examines the influence of phospholipid
acyl-chain structure and the role of phospholipid unsatura-
tion in pore formation by GALA in liposomes, using a
combination of leakage and binding experiments and model
calculations.

MATERIALS AND METHODS

Reagents

1,2-Dielaidoyl-sn-glycero-3-phosphocholine (DEPC), 1,2-dielaidoyl-phos-
phatidylglycerol (DEPG), DOPC, 1,2-dioleoyl-sn-glycero-3-phospho-eth-
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anolamine (DOPE), DOPG, 1,2-dipetroselinoyl-sn-glycero-3-phosphocho-
line (DPePC), 1,2-dipetroselinoyl-phosphatidylglycerol (DPePG), POPC,
and POPG in chloroform were purchased from Avanti Polar Lipids (Ala-
baster, AL). 1-Aminonaphthalene-3,6,8-trisulfonic acid (ANTS), p-xylene-
bis-pyridinium bromide (DPX), 4-fluoro-7-nitrobenz-2-oxa-1,3-diazole
(NBD fluoride), and neutral Texas red dextran (MW 3000) were purchased
from Molecular Probes (Eugene, OR).

Vesicle preparation and sizing

Reverse-phase evaporation vesicles (REVs) were prepared as described
previously (Szoka and Papahadjopoulos, 1978) in 1) 5 mM N-tris(hy-
droxymethyl) methyl-2-aminoethanesulfonic acid (TES), 100 mM KCl at
pH 7.0, or in 2) 5 mM TES, 12.5 mM ANTS, 45 mM DPX, 20 mM KCl
at pH 7.0. To study the leakage of a neutral Texas red dextran (MW 3000),
this molecule was included in 1) or 2) at a concentration of 0.5 mM. The
vesicles were extruded five times through a 0.1-�m polycarbonate mem-
brane (Nuclepore Corp., Pleasanton, CA) with a hand-held extrusion de-
vice (Avestin, Ottawa, Canada). When ANTS/DPX and/or the neutral
Texas red dextran was encapsulated in liposomes, a Sepharose 4-B column
(1 � 15 cm) was used to separate vesicles from unencapsulated material
with the elution buffer, 5 mM TES, 100 mM KCl, pH 7.0. Lipid phospho-
rus was determined by a modification of the Bartlett (1959) method. The
size distribution of the liposomes was determined by quasielastic light
scattering with a Coulter N4 apparatus.

GALA synthesis and NBD labeling

The detailed synthesis, purification, and analysis of the peptide GALA has
been described in a number of publications (Subbarao et al., 1987; Parente
et al., 1990a,b; Nicol et al., 1996, 1999). The NBD labeling of the peptide
has been presented by Nicol et al. (1996).

Fluorescence measurements

Measurements were made on a Spex Fluorolog photon-counting instrument
(Edison, NJ) under the control of a IBM PC equipped with the software
DM3000, using a 150-W xenon light source, as previously described
(Parente et al., 1990a,b).

NBD-GALA binding experiments

The procedure, essentially based on that of Frey and Tamm (1990), is
described elsewhere (Nicol et al., 1996). Briefly, a peptide mixture com-
posed of GALA and NBD-labeled GALA, in a stock solution at pH 8.0
containing 5 mM TES and 50 mM KCl, was added to the stirred vesicles
at 20°C in a solution at pH 5.0 containing 20 mM sodium acetate and 90
mM KCl. The fluorescence signal was monitored at the peak of the NBD
emission, � � 525 nm (5 mm slits), when the sample was irradiated at � �
467 nm. The intensity was recorded at its maximum, 100 s after peptide
addition to the liposome suspension. The contribution of the liposomes
alone was subtracted from this intensity, and the dilution factor correspond-
ing to the addition of an aliquot (�l) of peptide was accounted for, to
compute a fluorescence intensity, F, corresponding to the NBD fluores-
cence. We checked that the addition of unlabeled GALA to a liposome
suspension does not modify the intensity at � � 525 nm. For a particular
peptide concentration, the fraction of membrane-bound peptides (fbp) was
determined by fbp � (F � F0)/(F100 � F0), where F0 is the NBD fluores-
cence intensity observed when all of the peptide is in solution without
liposomes and F100 is the NBD fluorescence intensity acquired when 100%
of the peptide is bound. F100 was determined when, for the same amount
of peptide in a separate experiment, a large increase in the liposome
concentration did not result in further increase in the NBD fluorescence

intensity. In both the binding and leakage experiments, the absence of
vesicle aggregation and fusion was checked by determining the turbidity of
the preparation.

Measurements of ANTS/DPX leakage

The ANTS/DPX assay (Ellens et al., 1984) was used to measure the ability
of the peptide GALA to induce leakage of ANTS/DPX preencapsulated in
liposomes of various compositions. Details of this assay can be found in
Nicol et al. (1996) and Parente et al. (1990b). To initiate a leakage
experiment, the peptide GALA, in a stock solution at pH 8.0 containing 5
mM TES and 50 mM KCl, was added to the stirred vesicle suspension (0.1
mM lipid) at 20°C in the appropriate buffer. The reaction buffer consisted
of 5 mM sodium acetate, 100 mM KCl, and the pH was adjusted to 5.0 with
sodium hydroxide.

Measurements of leakage of neutral 3000 MW
Texas red dextran

REV liposomes containing neutral 3000 MW Texas red dextran were
prepared as indicated above. The determination of GALA-induced dextran
leakage, when the dextran is encapsulated alone or when it is coencapsu-
lated with ANTS/DPX, is described elsewhere (Nicol et al., 1996). This
leakage was not affected by the presence of ANTS/DPX and was termi-
nated within 45 min after the addition of GALA to the vesicles. Vesicles
without encapsulated material were incubated with the Texas red dextran
and fractionated on a Sepharose 4-B column (1 � 15 cm) to determine if
any correction was necessary for binding of this compound to the lipid. No
correction was needed.

Theoretical analysis of pore formation

The model assumes that once added to a vesicle suspension, the peptide
binds rapidly to the bilayer of the vesicles, where it aggregates with a
degree of reversibility that can be characterized by a coefficient denoted Ks

(Nicol et al., 1996). When an aggregate within a bilayer has reached a
critical size (i.e., it consists of M peptides), a pore is created and leakage
of liposome-encapsulated molecules occurs. The size of the pore depends
on the number of peptides forming it and dictates the upper bound on the
size and shape of the molecules that can leak. Detailed derivations of the
model can be found in Parente et al. (1990b), Rapaport et al. (1996), and
Nicol et al. (1996).

RESULTS

Effect of acyl-chain composition on GALA-
mediated leakage of ANTS/DPX from liposomes

To determine if GALA-induced leakage of ANTS/DPX
from large unilamellar PC and PC/PG vesicles is influenced
by modifications in the structure of the phospholipid acyl
chains, we examined four acyl-chain compositions:
1-palmitoyl 2-oleoyl (PO), 1,2-dioleoyl (DO), 1,2-die-
laidoyl (DE), and 1,2-dipetroselinoyl (DPe). The sn-1 posi-
tion of the PO phospholipids is saturated (16:0), and the
sn-2 position contains a cis unsaturation on the ninth carbon
(18:1n-9). Both acyl chains of the DO and the DE phos-
pholipids carry an unsaturation on the ninth carbon (18:1n-
9)(18:1n-9), a cis unsaturation for the DO lipids and a trans
unsaturation for the DE lipids. The DPe phospholipids con-
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tain a cis unsaturation on both chains, like the DO lipids, but
on the sixth carbon (18:1n-6)(18:1n-6). The gel-to-liquid
crystalline phase transition temperatures (Tm) of the four
phospholipids as fully hydrated vesicles are �20°C
(DOPC), �2°C (POPC), 	1°C (DPePC), and 	12°C
(DEPC).

GALA-induced leakage from POPC liposomes at pH 5.0
was not modified when the negatively charged lipid POPG
was added up to a POPC/POPG molar ratio of 1:1 (Nicol et
al., 1996). The same result was obtained for DEPC/DEPG,
DPePC/DPePG, and DOPC/DOPG liposomes (data not
shown). Furthermore, GALA-induced leakage from the
above vesicles was an “all-or-none” process, similar to what
was previously observed with POPC, POPC/POPG, POPC/
POPG/cholesterol, and egg PC liposomes (Parente et al.,
1990b; Nicol et al., 1996).

In the next experiments the anionic phospholipid PG was
included in the vesicle composition at a PC/PG molar ratio
of 5:1 to avoid vesicle aggregation at high lipid and peptide
concentrations, as well as to better mimic the composition
of biological membranes. Release of ANTS/DPX from
POPC/POPG (5:1), DEPC/DEPG (5:1), DOPC/DOPG (5:
1), and DPePC/DPePG (5:1) liposomes followed a similar
pattern after the addition of GALA to the liposomal suspen-
sion at pH 5.0 (Fig. 1). However, the leakage kinetics
depended on the phospholipid composition of the vesicles.
Indeed, ANTS/DPX leakage from DOPC/DOPG vesicles
reached a plateau at longer times after GALA addition.

The extent of ANTS/DPX leakage at the plateau was
monitored at pH 5.0 as a function of the lipid/peptide molar
ratio, for the four liposome compositions mentioned above,

and a lipid concentration of 0.1 mM (Fig. 2). A decrease in
the lipid/peptide molar ratio, i.e., an increase in the average
number of peptides per liposome, resulted in an increased
extent of ANTS/DPX leakage at the plateau, for each lipo-
some composition assayed.

GALA efficiency in inducing ANTS/DPX leakage by
pore formation from PC/PG liposomes was highly depen-
dent on the conformation of the acyl chains (Fig. 2). The
final extents of leakage were similar in the case of POPC/
POPG and DEPC/DEPG liposomes. Thus a modification of
the acyl-chain structure from DE (18:1n-9trans)(18:1n-
9trans) to PO (16:0)(18:1n-9cis) did not alter the ability of
GALA to form pores in PC/PG vesicles.

However, pore formation was significantly reduced with
phospholipids that contain a cis unsaturation on both chains.
In comparison to POPC/POPG liposomes, a lower lipid/
peptide molar ratio, i.e., a higher peptide concentration, was
required with DPePC/DPePG (18:1n-6cis)(18:1n-6cis) lipo-
somes to obtain the same extent of ANTS/DPX leakage.
This phenomenon was accentuated with DOPC/DOPG (18:
1n-9cis)(18:1n-9cis) liposomes, where between five- and
sixfold more peptide was needed to yield the same extent of
leakage than with POPC/POPG liposomes.

The reduced efficiency of the peptide in forming pores
might be directly related to a decrease in the mean molec-
ular order of the phospholipid acyl chains. Indeed, the
overall flexibility of the cis unsaturated chains of the DO
lipids is higher than that of the PO and DE phospholipid

FIGURE 1 Kinetics of GALA-induced ANTS/DPX leakage from
POPC/POPG (5:1), DEPC/DEPG (5:1), and DOPC/DOPG (5:1) liposomes
at pH 5.0. A final extent of leakage of 80% was obtained for a lipid
concentration of 0.1 mM and peptide concentrations of 15.4 nM (lipid/
peptide molar ratio of 6500), 15.9 nM (lipid/peptide molar ratio of 6300),
and 66.7 nM (lipid/peptide molar ratio of 1500), respectively.

FIGURE 2 Final extents of ANTS/DPX leakage from liposomes as a
function of lipid/peptide ratio at pH 5.0. Curves are given for DOPC/
DOPG (5:1) (E), DPePC/DPePG (5:1) (‚), DEPC/DEPG (5:1) (�), and
POPC/POPG (5:1) (�) liposomes. The lipid concentration was kept con-
stant at 0.1 mM. The final extents of leakage at a given lipid/peptide ratio
and liposome composition varied by no more than �4% when the extents
of leakage were above 20% and by no more than �3% below 20% leakage.
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acyl chains. However, the packing of the DPe lipids in the
vesicles bilayer is similar to that of the PO lipids, as indi-
cated by their comparable gel-to-liquid crystalline phase
transition temperature (Tm), but GALA was less active in
inducing ANTS/DPX leakage by pore formation from
DPePC/DPePG vesicles (Fig. 2). Moreover, the mean mo-
lecular order of the acyl chains of the DE phospholipids is
higher than that of the PO lipids, but GALA-induced leak-
age was similar with the two lipids. Lipid packing can also
be increased by decreasing the temperature (Korstanje et al.,
1989). However, GALA-induced ANTS/DPX leakage from
POPC/POPG and DOPC/DOPG vesicles at pH 5.0 was not
modified by a decrease in the temperature from 20°C to 2°C
(data not shown).

Thus the process of ANTS/DPX leakage by pore forma-
tion is highly modulated by the physical properties of the
bilayer, but differences in the peptide activity cannot be
explained only by modifications of the mean order param-
eter of the lipid acyl chains.

Membrane-binding affinity of GALA

Membrane-binding studies were performed with a mixture
of unlabeled and NBD-labeled GALA, at a molar ratio
where NBD self-quenching in solution and in bilayers is
insignificant (Nicol et al., 1996). Modifying GALA with
NBD did not alter its ability to induce leakage from any of
the vesicles studied here. In addition, no change in the
turbidity of the liposome suspension was detected after
addition of the peptide under the conditions tested, suggest-
ing that neither aggregation nor fusion of vesicles occurred
(data not shown).

Two peptide concentrations (0.125 �M and 0.025 �M)
were used to determine the fraction of membrane-bound
peptides as a function of the lipid concentration at pH 5.0,
for the four liposome compositions mentioned above (Fig.
3, a and b). The fraction of membrane-bound GALA in-
creased when the lipid concentration was raised, for each
peptide concentration and liposome formulation assayed
(Fig. 3, a and b). At all peptide and lipid concentrations
tested, the rank order of the membrane-bound fraction was
DEPC/DEPG 
 DPePC/DPePG � POPC/POPG 
 DOPC/
DOPG.

These results support the idea that the flexibility of the
lipid acyl chains modulates the membrane-binding affinity
of GALA, because a reduced chain flexibility corresponded
to a smaller fraction of membrane-bound peptides (from the
ordered DE acyl chains to the flexible DO acyl chains). It
has been suggested that cis unsaturations cause the acyl
chains to occupy a slightly wedge-shaped space because of
an inhomogeneous decrease in chain order that is largest
toward the end of the chain (Holte et al., 1995). This loosens
the packing of the phospholipids at the membrane surface.
Consequently, a “free volume” exists at the lipid-water
interface between neighboring molecules (Holte et al.,

1995, 1996). An increase in free volume expands the inter-
face and results in an increased membrane-binding affinity
of the amphipathic �-helical GALA.

To perform the theoretical analysis of GALA-induced
ANTS/DPX leakage at a lipid concentration of 0.1 mM

FIGURE 3 Effect of liposome composition on percentage of binding of
NBD-labeled GALA to liposomes at pH 5.0. E, DOPC/DOPG (5:1); ‚,
DPePD/DPePG (5:1); �, POPC/POPG (5:1); �, DEPC/DEPG (5:1). A
mixture of NBD-GALA/unlabeled GALA of 1:9 was used for a total
peptide concentration of 0.125 �M (A), and a mixture at a 1:5 ratio was
used for a total peptide concentration of 0.025 �M (B). The increase in
NBD fluorescence intensity was monitored with excitation at � � 467 nm
and emission at � � 525 nm. The fraction of membrane-bound GALA was
determined as described in Materials and Methods. Each data point is an
average of three experiments. The largest deviations were within 6% of the
average value. The insets emphasize the range of lipid concentrations up to
0.2 mM.
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(Fig. 2), we needed to determine the fraction of membrane-
bound peptides at this lipid concentration. For a peptide
concentration of 0.125 �M, which corresponded to a lipid/
total peptide ratio of 800, the percentages of membrane-
bound peptides were 63, 59.5, 61, and 71 with POPC/POPG
(5:1), DEPC/DEPG (5:1), DPePC/DPePG (5:1), and DOPC/
DOPG (5:1) liposomes, respectively. For a peptide concen-
tration of 0.025 �M (lipid/total peptide ratio of 4000 with
0.1 mM lipid) the percentages of bound-peptides were 58,
53, 60, and 68, respectively. Furthermore, by combining
these data with those in Fig. 2 we plotted in Fig. 4 the
percentage of ANTS/DPX leakage as a function of the lipid
to membrane-bound peptide ratio. It is clear that the number
of peptides required on a vesicle to form a pore yielding
ANTS/DPX leakage increases when the bilayer composi-
tion is modified from POPC/POPG and DEPC/DEPG to
DOPC/DOPG vesicles, and to a smaller extent when the
modification is to DPePC/DPePG liposomes. Thus the re-
duced ANTS/DPX leakage from DpePC/DpePG and
DOPC/DOPG liposomes (Fig. 2) cannot be explained by a
reduced membrane-binding affinity of the peptide.

Leakage when all of the peptide is
membrane-bound

We monitored the leakage of ANTS/DPX induced by
GALA (pH 5.0) at a number of peptide concentrations (from
0.208 �M to 0.835 �M) and a lipid concentration of 2.5
mM, at which all of the added peptide was bound to the

liposomes, regardless of composition (see Fig. 3). For each
peptide concentration tested our results demonstrated a re-
duction of ANTS/DPX leakage with DPePC/DPePG (5:1)
and DOPC/DOPG (5:1) liposomes, in comparison to the
case of POPC/POPG (5:1) and DEPC/DEPG (5:1) lipo-
somes (Table 1). This reduction was more pronounced with
DOPC/DOPG liposomes. Under these conditions, the num-
ber of membrane-bound peptides per liposome is similar for
each liposome composition. Thus the leakage results indi-
cated that in DPePC/DPePG (5:1) and DOPC/DOPG (5:1)
bilayers, a higher number of membrane-bound peptides was
required to yield a pore. These results confirmed that the
reduction in GALA activity observed with DPePC/DPePG
(5:1) and DOPC/DOPG (5:1) vesicles at a lipid concentra-
tion of 0.1 mM was not related to a decrease in the fraction
of peptide that is membrane-bound.

Leakage of dextran from liposomes

For each liposome composition, there was a minimal pep-
tide concentration or a maximum lipid/peptide molar ratio
for which complete ANTS/DPX leakage was obtained. This
ratio depended on the liposome composition; it was 5300,
5000, 2500, and 1000 with POPC/POPG (5:1), DEPC/
DEPG (5:1), DPePC/DPePG (5:1), and DOPC/DOPG (5:1)
liposomes, respectively (Figs. 2 and 5). When a neutral
3000 MW Texas red dextran was coencapsulated with
ANTS/DPX, it did not leak at this lipid/peptide molar ratio
(Fig. 5). In the case of POPC/POPG and DEPC/DEPG
liposomes, about sevenfold more peptide (lipid/peptide mo-
lar ratio of 750) was necessary, for the same lipid concen-
tration of 0.1 mM, to initiate the leakage of dextran, whereas
with DOPC/DOPG and DPePC/DPePG liposomes, fourfold
and sevenfold more peptide (lipid/peptide molar ratios of
250 and 375) was needed, respectively. The size of the pore

FIGURE 4 Final extents of ANTS/DPX leakage from liposomes as a
function of lipid/membrane-bound peptide ratio at pH 5.0. Curves are
given for DOPC/DOPG (5:1) (E), DPePC/DPePG (5:1) (‚), DEPC/DEPG
(5:1) (�), and POPC/POPG (5:1) (�) liposomes. The data are derived
from Fig. 2, using the fraction of membrane-bound peptides at a lipid
concentration of 0.1 mM from Fig. 3.

TABLE 1 Final extents of ANTS/DPX leakage under
conditions of complete binding of the peptide to liposomes
(2.5 mM lipid)

Lipid/peptide
molar ratio*

Lipid acyl chains

PO DE DPe DO

Percentage leakage†

12,000 68.5 64 27 0
9,000 100 100 45 5
6,000 100 100 85 21
3,000 100 100 100 68

*GALA concentrations tested ranged from 0.208 �M (lipid/peptide molar
ratio of 12,000:1) to 0.833 �M (lipid/peptide molar ratio of 3000:1).
†Percentage leakage of ANTS/DPX at pH 5.0 from POPC/POPG (5:1)
(mol/mol) (PO), DEPC/DEPG (5:1) (DE), DPePC/DPePG (5:1) (DPe), and
DOPC/DOPG (5:1) (DO) liposomes. The lipid concentration was kept
constant at 2.5 mM. Final extents of leakage were obtained from the
average of three measurements. The variation in final extents of leakage
was no more than �4%.
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depends on the number of peptides forming it and dictates
the size of the aqueous marker that can permeate. Given the
Stokes radius of 3000 MW dextran (11–12 Å), its leakage
would require a pore composed of at least 12–14 transmem-
brane GALA molecules. Absence of dextran leakage in the
range of lipid/peptide molar ratios where the ANTS/DPX
leakage was monitored demonstrated that the pore structure
is restrained to less than 12–14 peptides for each liposome
formulation tested. We verified, with a separate encapsula-
tion of ANTS/DPX or dextran, that the coencapsulation did
not affect the leakage efficiency for the two dyes (data not
shown).

The reduction of ANTS/DPX leakage from DPePC/
DPePG and DOPC/DOPG vesicles might arise from an
increase in the size of the GALA pores, because larger pores
require the assembly of more transmembrane GALA mol-
ecules. The minimum size of the pores formed in POPC/
POPG vesicles that induce ANTS/DPX permeation is M �
10 � 2 peptides (Parente et al., 1990b; Nicol et al., 1996).
If only pores composed of at least x-fold more peptides were
formed in DPePC/DPePG and DOPC/DOPG liposomes, the
formation of a single pore in such a liposome would require
at least x-fold more membrane-bound peptides, assuming
the reversibility of GALA aggregation is similar in all
membrane types. The restrained size of the pore causing

ANTS/DPX leakage from DPePC/DPePG and DOPC/
DOPG vesicles (limited to M � 12–14 peptides) disproves
this explanation of the acyl-chain effect on GALA-induced
leakage.

Leakage of ANTS/DPX from
PE-containing liposomes

In addition to the presence of cis unsaturations, the shape of
a phospholipid molecule and its area at the lipid/water
interface can be modified by changing the size of its head-
group. The slightly wedge-shaped space occupied by the
acyl chains near the glycerol backbone when cis double
bonds are introduced in both acyl chains (as in the DO and
the DPe phospholipids) can be accentuated by reducing the
size of the headgroup (Lee et al., 1993). Because of this
inverted-cone shape, cis unsaturated phosphatidylethano-
lamine (PE) phospholipids, which frequently constitute a
substantial fraction of biological membranes (Cullis et al.,
1985), possess a large spontaneous curvature responsible
for the formation of HII phases at relatively low tempera-
tures (Gruner, 1989).

When POPE was added to POPC and DOPE was added
to DOPC in the liposome composition at 40 mol%, GALA-
induced ANTS/DPX leakage was reduced by about three-
and fivefold, respectively (Fig. 6), while an incorporation of

FIGURE 5 Percentage leakage of neutral Texas red dextran (MW 3000)
from liposomes as a function of lipid/peptide molar ratio at pH 5.0. E,
DOPC/DOPG (5:1); ‚, DPePC/DPePG (5:1); �, DEPC/DEPG (5:1); �,
POPC/POPG (5:1). The lipid concentration was kept constant at 0.1 mM.
Each data point is an average of three experiments. The final extents of
leakage at a given lipid/peptide molar ratio varied by no more than �6%.
The maximum lipid/peptide molar ratio where 100% leakage of ANTS/
DPX is obtained (indicated by an arrow) is 1000, 2500, 5000, and 5300 for
DOPC/DOPG (5:1) (F), DPePC/DPePG (5:1) (Œ), DEPC/DEPG (5:1) (f),
and POPC/POPG (5:1) (�) liposomes, respectively.

FIGURE 6 Effect of the phospholipid headgroup on final extents of
ANTS/DPX leakage from liposomes as a function of lipid/peptide ratio at
pH 5.0. Curves are given for POPC (‚), POPC/POPE (60:40) (�),
POPC/DOPC (85:15) (‚), POPC/DOPC (75:25) (Œ), POPC/DOPE (85:15)
(�), POPC/DOPE (75:25) (f), DOPC (E), and DOPC/DOPE (60:40) (F)
liposomes. The lipid concentration was kept constant at 0.1 mM. The final
extents of leakage at a given lipid/peptide ratio and liposome composition
varied by no more than �4% when the extents of leakage were above 20%
and by no more than �3% below 20% leakage.
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15 mol% POPE into a POPC bilayer did not affect the
leakage efficiency of the peptide (data not shown).

We also compared the effects of the inclusion in a POPC
bilayer of either the unsaturated phosphatidylcholine DOPC
or the unsaturated phosphatidylethanolamine DOPE on
GALA-induced ANTS/DPX leakage (Fig. 6). GALA leak-
age activity was already reduced when 15 mol% DOPC was
included in the POPC vesicle. There was a further decrease
in leakage as the DOPC content was increased to 25 mol%.
When DOPC was replaced by DOPE at the same mol%, the
peptide leakage activity was further reduced, so that an
inclusion of 15 mol% DOPE had an effect similar to that of
25 mol% DOPC. Moreover, the membrane-bound fraction
of GALA increased slightly with the DOPC or DOPE
content of the membrane (data not shown). Thus both the
presence of a cis unsaturation on each phospholipid acyl
chain and a decrease in the size of the headgroup reduce
pore formation by GALA.

Theoretical analysis of GALA-induced
ANTS/DPX leakage

Following the procedure described by Rapaport et al. (1996)
and Nicol et al. (1996), the analysis of final extents of
leakage employs two parameters,M, the minimal number of
peptides required to form a pore that permits the leakage of
ANTS/DPX, and Ks, which measures the degree of revers-
ibility of the peptide in the bilayer. The experimental results
of final extents of ANTS/DPX leakage from POPC/POPG
and DEPC/DEPG liposomes are predicted very well by the
model calculations by setting M � 10 and Ks � 15, which
amounts to a very small degree of reversibility (Fig. 7 and
Table 2). The data could also be fitted by setting an infinite
value for Ks, i.e., ignoring the reversibility of surface ag-
gregation of the peptide. Thus the values of Ks and M
deduced previously for POPC/POPG liposomes (Nicol et
al., 1996) could be extended to the case of DEPC/DEPG
liposomes. In Nicol et al. (1996), a small degree of revers-
ibility in POPC/POPG liposomes was demonstrated by flu-
orescence energy transfer measurements using NBD- and
rhodamine-labeled peptides. A larger degree of surface ag-
gregation was deduced in cholesterol-containing liposomes,
in accord with the findings of the model calculations. Hence
Ks is an essential parameter for the description of pore
formation by the peptide. The comparison between experi-
mental and calculated values of final extents of ANTS/DPX
leakage from POPC/POPG and DEPC/DEPG liposomes is
shown in Fig. 7. Table 2 presents a summary of these fits,
which give R2 � 0.98 in both cases. For the case of
DPePC/DPePG liposomes, the best fit to the data was ob-
tained by setting M � 12 and Ks � 1.3. As is seen in Fig.
7 and Table 2 (R2 � 0.94), the fit is not as good as in the
previous cases, but the model can still yield a reasonable
simulation of the data. Setting M � 12 for the pore size is
still in agreement with Parente et al. (1990b) and Nicol et al.

(1996), whereM� 10 � 2. As is shown in Fig. 7 and Table
2, the current model gives a rather poor fit to the experi-
mental values of final extents of leakage from DOPC/
DOPG liposomes when M is set at 10 (R2 � 0.75), yielding
overestimates for high lipid/peptide molar ratios and under-
estimates for low lipid/peptide ratios. In a separate calcula-
tion we set M � 10 and determined variable values of Ks

that would give a perfect fit to the experimental results.
These values varied monotonically from 0.01 for a lipid/
peptide molar ratio of 11,000 to 15 for a lipid/peptide molar
ratio of 1000.

DISCUSSION

Natural amphipathic �-helical toxins exert their cytotoxic
activities in a selective manner that depends upon the lipid

FIGURE 7 Experimental and calculated final extents of leakage from
liposomes at pH 5.0 as a function of lipid/peptide molar ratio. Curves are
given for DOPC/DOPG (5:1) (exp. (E), cal. (F)), DPePC/DPePG (5:1)
(exp. (‚), cal. (Œ)), DEPC/DEPG (5:1) (exp. (�), cal. (f)), and POPC/
POPG (5:1) (exp. (�), cal. (�)). The parameters used in the calculations
are listed in Table 2.

TABLE 2 Summary of calculations to obtain the best fits of
final extents of ANTS/DPX leakage

Liposome composition M Ks R2 RMSE (%)*

POPC/POPG (5:1)
(16:0)(18:1n-9cis)

10 15 0.98 5.1

DEPC/DEPG (5:1)
(18:1n-9trans)(18:1n-9trans)

10 15 0.98 4.5

DPePC/DPePG (5:1)
(18:1n-6cis)(18:1n-6cis)

12 1.3 0.94 9.1

DOPC/DOPG (5:1)
(18:1n-9cis)(18:1n-9cis)

10 0.12 0.75 18.6

*RMSE (%) is defined by RMSE � [¥i�1
n (Yi � Yci)

2/(n � 1)]1/2, in which
Yi and Yci are experimental and calculated final extents of leakage (%),
respectively.
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composition of the target cell membrane. The understanding
of the mechanisms of action of such peptides was signifi-
cantly advanced by biophysical studies with lipid vesicles
that mimic the lipid composition of relevant biomembranes
(Gazit et al., 1994, 1995; Matsuzaki et al., 1995b; Silvestro
et al., 1997). Studies with analogs of natural toxins (Matsu-
zaki et al., 1997a,b; Shai, 1994) and with model amphi-
pathic �-helices that consist of optimized or simplified
sequences, such as GALA (Subbarao et al., 1987; Parente et
al., 1990a,b; Nicol et al., 1996), have contributed to a better
understanding of selected aspects of peptide-bilayer inter-
actions and the mechanisms of pore formation. In the case
of the synthetic pH-sensitive peptide GALA, the lipid com-
position of liposomes modulates the propensity of the pep-
tide to form pores in their bilayer. At low peptide concen-
trations, GALA aggregates quasiirreversibly in POPC and
egg PC bilayers at pH 5.0 to form pores composed of 10 �
2 peptides (Parente et al., 1990b; Nicol et al., 1996). An
increase of the membrane negative surface potential, gen-
erated by inclusion of the negatively charged phospholipid
POPG in the bilayer, does not alter GALA’s pore-forming
capacity. However, the addition of cholesterol to the vesicle
composition reduces GALA activity, because of a decreased
membrane-binding affinity and an increased reversibility of
peptide self-association in the bilayer (Nicol et al., 1996).

Reduced pore formation capacity by GALA in a
bilayer composed of [(18:1 cis)
(18:1 cis)] phospholipids

The efficiency of GALA in inducing ANTS/DPX leakage at
pH 5.0 followed the rank order of POPC/POPG � DEPC/
DEPG � DPePC/DPePG � DOPC/DOPG (Fig. 2), whereas
the binding affinity of GALA to liposomes of these com-
positions followed the rank order DOPC/DOPG � DPePC/
DPePG � POPC/POPG � DEPC/DEPG (Fig. 3). Thus
under conditions of equal average number of membrane-
bound peptides per liposome, the extent of leakage was
significantly higher in POPC/POPG and DEPC/DEPG lipo-
somes than in DOPC/DOPG vesicles (Fig. 4 and Table 1).
This means that the number of bound GALA peptides
required to form a pore yielding ANTS/DPX leakage in the
bilayer of a DOPC/DOPG vesicle was appreciably higher
than that needed in a POPC/POPG bilayer.

Rex (1996) reported that, for the same number of mem-
brane-bound peptides per vesicle, melittin is less efficient at
inducing carboxyfluorescein leakage from DOPC liposomes
than from POPC liposomes. A kinetic analysis of the tran-
sient dye leakage concluded that the rate of pore openings is
larger with the latter vesicles (Rex and Schwarz, 1998).

The configuration of the phospholipid packing in the
bilayer can influence the membrane binding of an amphi-
pathic �-helical peptide. Melittin (Dasseux et al., 1984) and
the 18L model peptide, which features the consensus se-
quence of class L (lytic) peptides (Polozov et al., 1997),

preferentially associate with bilayers in the liquid-crystal-
line state. We observed a decreased affinity of GALA for
POPC/POPG membranes that contain cholesterol (Nicol et
al., 1996). This effect might arise from a decrease in the
hydrophobic area accessible to peptide binding at the bi-
layer interface. When PO phospholipids are replaced by DO
phospholipids, the presence of a cis unsaturation on both
acyl chains increases the chain flexibility, particularly in the
hydrophobic core of the bilayer. Consequently, the hydro-
phobic region of the bilayer exposed to the aqueous phase
and accessible for the binding of GALA amphipathic �-he-
lix is expanded, which results in an increase in the mem-
brane-binding affinity of the peptide.

We consider several explanations for the higher number
of bound peptides needed to generate a pore that permits
ANTS/DPX leakage in DOPC/DOPG and DPePC/DPePG
bilayers than in the POPC/DOPG and DEPC/DEPG bilayers.

1. Pores formed in DOPC/DOPG and DPePC/DPePG
bilayers contain more peptide monomers (larger pores) than
pores formed in POPC/POPG bilayers. The minimum num-
ber of �-helices that compose the pores required for ANTS/
DPX leakage from POPC/POPG liposomes is M � 10 � 2.
The lack of leakage of a neutral 3000 MW dextran at the
maximum lipid/peptide molar ratio where ANTS/DPX leak-
age is complete demonstrates that the size of the pores is
restrained to less than 14 peptides for all liposome compo-
sitions (Fig. 5). Thus larger pores do not account for the
effect of the phospholipid acyl chain structure on GALA-
induced ANTS/DPX leakage.

2. There is an increased reversibility of peptide aggrega-
tion in DOPC/DOPG membranes. This has been proposed
to be a major factor in reducing ANTS/DPX leakage from
POPC/POPG vesicles that contain cholesterol (Nicol et al.,
1996). In that case, model calculations could fit experimen-
tal leakage extents, retaining a minimum pore size similar to
that of POPC/POPG vesicles (M � 10 � 2), but using a
reduced Ks (higher reversibility of peptide aggregation). In
the present analysis, however, we were unable to obtain a
satisfactory fit to the data on leakage of ANTS/DPX from
DOPC/DOPG vesicles when the minimum pore size of 10
peptides was retained and Ks was changed (Fig. 7 and Table
2). Even whenM was set at 12 or 14, which is the maximum
realistic value for the pore size given the lack of leakage of
dextran, no satisfactory fit was obtained. These results sug-
gest that the mathematical model does not properly describe
the situation in the case of this liposome composition (Fig.
7 and Table 2). At this stage, we prefer to discard the
possibility of allowing Ks to vary with the size of peptide
aggregates because too many parameters, i.e., multiple Ks

values, would have to be included in the analysis.
3. There is a phospholipid-dependent insertion of surface

aggregates in the bilayer core. This possibility extends the
original model of pore formation by GALA with an addi-
tional constraint and requires a modification of the mathe-
matical analysis, i.e., the inclusion of a probability of inser-
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tion for each surface aggregate size. We did not carry out
this extension of the model because, again, too many pa-
rameters would have to be included, and, therefore, the
calculations would not necessarily give an adequate picture
of the reality. Precedents for lipid-dependent insertion of
surface-adsorbed peptides were reported with alamethicin
and magainin-2 (Huang and Wu, 1991; Ludtke et al., 1994,
1995; He et al., 1995, 1996a,b; Wu et al., 1995). These
peptides are either adsorbed on the membrane surface at low
peptide/lipid molar ratios or inserted parallel to the bilayer
normal at high peptide/lipid molar ratios (Huang and Wu,
1991; Ludtke et al., 1994), with a coexisting region in
between. There is a critical peptide/lipid molar ratio for
insertion, (P/L)*, marking the beginning of the coexistence
region from the low peptide concentration side. In DPhPC
bilayers (P/L)* � 1/40, whereas in membranes composed of
the phospholipids DOPC and DLPC, (P/L)* � 1/200 and
(P/L)* 
 1/300, respectively. X-ray diffraction measure-
ments demonstrated that the main effect of peptide adsorp-
tion is to reduce the thickness of the hydrocarbon region of
the bilayer proportionally to the peptide concentration (Wu
et al., 1995; Ludtke et al., 1995).

When the peptide is adsorbed on the surface of the
bilayer, it displaces the lipid headgroups. Because the total
volume of the acyl chains is constant, peptide adsorption
causes the membrane to become thinner. As a result of this
deformation of the bilayer, the free energy of peptide ad-
sorption increases when the peptide concentration is raised
in the membrane, such that peptide insertion becomes en-
ergetically favorable above a critical peptide/lipid molar
ratio (He et al., 1996a). It was found that alamethicin and
magainin-2 adsorbed on the surface of the bilayer are dis-
persed rather than aggregated. In the inserted state, neutron
scattering measurements in the plane of the membrane
revealed that these peptides form pores.

In the case of GALA, the formation of a pore that allows
ANTS/DPX leakage in POPC/POPG and DEPC/DEPG li-
posomes occurs at much lower peptide concentrations than
for alamethicin, because it requires only 10 � 2 peptides
bound to a vesicle. Thus unlike the cases of alamethicin and
magainin-2, global thinning of the membrane can be ig-
nored in our case.

Our model (Parente et al., 1990b; Nicol et al., 1996,
1999) suggests that GALA forms aggregates at the surface
of the POPC/POPG bilayer before it inserts into the hydro-
phobic core. Thus, in comparison to alamethicin, the bilayer
surface has to accommodate aggregates instead of mono-
mers. We suggest that, with certain bilayer compositions,
when GALA surface aggregates reach a critical size, they
create a energetically high local deformation of the mem-
brane that increases their instability and promotes their
insertion and subsequent pore formation. This interpretation
would explain why a pore that permits leakage of ANTS/
DPX is formed when only 10 � 2 peptides are bound to a
vesicle.

This qualitative concept can also be applied to under-
standing the effect of acyl-chain composition on pore for-
mation. When GALA is bound to a DOPC/DOPG bilayer,
the surface state is more favored energetically relative to a
POPC/POPG bilayer, and the inserted state is less favored,
which reduces the probability of insertion and subsequent
pore formation in DOPC/DOPG liposomes. The DO phos-
pholipids, which contain less ordered acyl chains than the
PO phospholipids and have a slightly wedge-like shape, can
better accommodate the headgroup displacement because of
the GALA surface aggregate than the PO phospholipids. In
this regard we note a higher binding affinity of the peptide
for DOPC/DOPG liposomes.

Conversely, the inserted state of the peptide might be less
favored in DOPC/DOPG vesicles because of the configu-
ration of the acyl chains. The short-range interactions be-
tween the transmembrane �-helix and the phospholipid acyl
chains might be reduced in this case because the helix can
less easily accommodate the angle imposed on the acyl
chains by the two cis unsaturations (one per chain). We
suggest that insertion and pore formation occur in DOPC/
DOPG vesicles at higher peptide concentrations than in
POPC/POPG vesicles, i.e., when several surface aggregates
cause a cooperative local deformation of the membrane.

However, we cannot discard the possibility that trans-
membrane aggregates are formed in a similar manner in
DOPC/DOPG and POPC/POPG liposomes, but these ag-
gregates cannot grow further in DOPC/DOPG vesicles to
reach a size that allows ANTS/DPX leakage.

The fact that the lipid/peptide molar ratio had to be
reduced to achieve comparable ANTS/DPX leakage from
POPC/DOPE liposomes than from POPC/DOPC liposomes
(Fig. 6) is consistent with hypothesis 3. Indeed, it suggests
that every factor that stabilizes the surface state of the
peptide, in this case a smaller headgroup, reduces peptide
insertion and subsequent pore formation. The reduction in
GALA-induced ANTS/DPX leakage from DOPC/DOPE
(60:40) liposomes, in comparison to the case of DOPC
liposomes, and from POPC/POPE (60:40) liposomes, in
comparison to the case of POPC liposomes (Fig. 6), also
supports this hypothesis. In the case of alamethicin, the
partial replacement of DPhPC by DPhPE lipids resulted in
an increase in the peptide/lipid molar ratio required for
insertion. Heller and co-workers (1997) proposed that the
onset of insertion occurred at higher peptide concentrations
when DPhPE was included because of the small size of the
PE headgroup in comparison to the phospholipid cross
section in the acyl-chain region (Heller et al., 1997). When
DPhPE was present, peptide adsorption was accommodated
to a certain extent by displacement of the bound water of the
PE headgroup. Therefore, the energy of bilayer deformation
induced by surface-adsorbed peptides was lower at a given
peptide concentration, which resulted in an increase in the
peptide/lipid molar ratio required for insertion.
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The same argument can be made in the case of GALA.
The bilayer deformation energy caused by GALA aggregate
adsorbed on the membrane surface is lower when PE lipids
are present. Therefore, PE lipids stabilize this surface state
and reduce peptide insertion and pore formation.

CONCLUSION

GALA has proved to be an interesting peptide to use for the
exploration of peptide-induced perturbations of bilayer ves-
icles. It is a pH-sensitive peptide that forms stable transbi-
layer pores at low peptide/lipid ratios in certain membrane
compositions (egg PC, POPC/POPG, and DEPC/DEPG).
We have shown here that phospholipid acyl-chain (cis-
unsaturated DO and DPe) and headgroup (PE) compositions
that increase the hydrophobic area at the bilayer-aqueous
interfacial region decrease leakage of liposomal aqueous
contents at low pH induced by the peptide GALA. The
peptide efficiency in inducing ANTS/DPX leakage is re-
duced by about fivefold when the acyl-chain composition is
varied from POPC to DOPC and further decreased by
fivefold when the headgroup composition is varied from
DOPC to DOPC/DOPE (60:40). This decrease in leakage
occurs under conditions where peptide binding increases.
We attribute the reduced pore formation in these bilayers to
a stabilization of GALA binding in an orientation parallel to
the vesicle surface.
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