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Influence of Lipid Chain Unsaturation on Melittin-Induced Micellization

Martine Monette and Michel Lafleur
D6partement de Chimie, Universite de Montr6al, Montr6al, Qu6bec, Canada

ABSTRACT It is well known that melittin, an amphipathic helical peptide, causes the micellization of phosphatidylcholine
vesicles. In the present work, we conclude that the extent of micellization is dependent on the level of unsaturation of the lipid
acyl chains. We report the results obtained on two systems: dipalmitoylphosphatidylcholine (DPPC), containing 10(mol)%
saturated or unsaturated fatty acid (palmitic, oleic, or linoleic), and DPPC, containing 1 0(mol)% positively charged diacyloxy-
3-(trimethylammonio)propane bearing palmitic or oleic acyl chains. For both systems, the presence of unsaturation in the lipid
acyl chains inhibits melittin-induced micellization. Conversely, the addition of saturated palmitic acid to the DPPC matrix
enhances the micellization. This modulation is proposed to be associated with the cohesion of the hydrophobic core. When
the lipid chain packing of the gel-phase bilayer is already perturbed by the presence of unsaturation, it seems easier for the
membrane to accommodate melittin at the interface, and the distribution of the peptide in the bilayer could be the origin of
the inhibition of the micellization. The cohesion of the apolar core is shown to play an unquestionable role in melittin-induced
micellization; however, this contribution does not appear to be as important as the electrostatic interactions between melittin
and positively or negatively charged lipids.

INTRODUCTION

Melittin is a small peptide of 26 amino acids, isolated from
bee venom (Habermann, 1972). This highly basic peptide
interacts spontaneously with membranes, binding as an am-
phipathic a-helix (Lauterwein et al., 1979; Vogel and Jiih-
nig, 1986; Lafleur et al., 1991). Because of its various
modes of action with natural and model membranes (for a
general review, see Dempsey, 1990), melittin constitutes an
interesting model for studying the interaction between am-
phipathic peptides such as signal peptides and apolipopro-
teins, and natural membranes.
When melittin interacts with bilayers composed of 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), it in-
duces the fragmentation of the multilamellar vesicles into
small lipid/melittin comicelles (Dufourcq et al., 1986; Du-
fourc et al., 1986). These comicelles were described as
small gel-phase bilayers surrounded by a monomolecular
layer of melittin (Dufourcq et al., 1986; Lafleur et al., 1987).
The micellization of DPPC multilamellar vesicles is com-
plete when the incubation lipid-to-peptide molar ratio (Ri) is
equal to or less than 20. When the temperature is raised
above the gel-to-liquid crystalline phase transition temper-
ature (Tm) of the lipid, fusion of the comicelles into ex-
tended bilayers is observed for Ri greater than 5. The poly-
morphism described here is completely reversible: the gel-
to-liquid crystalline phase transition is accompanied by a
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morphological change from small discs to extended bilayers
(Dufourc et al., 1986).

In our efforts to determine how the physicochemical
properties of model membranes affect melittin-induced
micellization, we have investigated the influence of sev-
eral components of natural occurrence in biomembranes.
It has been shown that the presence of a small amount of
negatively charged phospholipid or unprotonated fatty
acid in DPPC bilayers reduces severely the proportion of
disc micellization (Dempsey et al., 1989; Monette and
Lafleur, 1995). The electrostatic anchoring of the peptide
at the bilayer interface is proposed to be responsible for
this inhibition. On the other hand, similar concentrations
of positively charged lipids, 1,2-dipalmitoyloxy-3-(trim-
ethylammonio)propane (DPTAP) and 1,2-dioleoyloxy-3-
(trimethylammonio)propane (DOTAP), strongly promote
melittin-induced micellization compared to pure DPPC
vesicles. In that case, the promotion of melittin-induced
micellization was rationalized on the basis of electro-
static repulsion between the positively charged bilayer
interface and the peptide, favoring the peptide transfer
from the surface into the lipid core (Monette and Lafleur,
1995).

It was shown recently that the properties of the bilayer
at the apolar core level also influence the activity of
melittin. Studies of the effect of cholesterol on the melit-
tin-induced micellization (Monette et al., 1993; Pott and
Dufourc, 1995) showed that high concentrations of cho-
lesterol (>30(mol)%) in DPPC bilayers lead to a com-
plete inhibition of the micellization, because of the lack
of interaction between the rigid membrane and the toxin.
The addition of a high concentration of cholesterol in
DPPC bilayers induces the formation of the liquid or-
dered phase (Vist and Davis, 1990), which is resistant to
the micellization induced by melittin; this indicates that
the interactions between the chains in the hydrocarbon
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core play an important role in the membrane susceptibil-
ity to form comicelles in the presence of melittin. Along
the same lines, a correlation between phosphatidylcho-
line chain length and the stability of the comicelles
formed with melittin has been reported (Faucon et al.,
1995). The leakage induced by melittin is also dependent
on the lipid chain composition of the bilayer (Subbarao
and MacDonald, 1994).
To gain more insight into the role of interchain interac-

tions, two systems were investigated. First, we have exam-
ined the influence of various fatty acids in DPPC bilayers on
the power of melittin to disrupt membranes. These fatty
acids (palmitic acid (PA) (C16:0), oleic acid (OA) (C18:1
(9-cis)), and linoleic acid (LA) (C18:2(9-ciS, 12-cis))) were used
to modify the level of unsaturation in the hydrophobic core
of the membrane. Second, we have characterized melittin-
induced micellization of DPPC membranes containing a
positively charged lipid bearing saturated and unsaturated
chains. Solid-state 31P nuclear magnetic resonance (NMR)
spectroscopy was used to characterize the lipid polymor-
phism induced by melittin. Slow reorienting bilayer assem-
blies lead to nonaveraged chemical shift anisotropy. As a
result, a typical powder pattern is observed (Seelig, 1978).
The small comicelles resulting from the micellization have
shorter correlation times and averaged chemical shifts; an
isotropic signal is therefore observed. The different spec-
troscopic features of each phase allowed us to characterize
quantitatively the proportion of phospholipids existing un-
der the comicellar form, referred to in this paper as the
percentage of micellization.

MATERIALS AND METHODS

DPPC, 1,2-bis(perdeuteriopalmitoyl)-sn-glycero-3-phosphocholine (DPPC-
d62), and DOTAP were obtained from Avanti Polar Lipids (Birmingham, AL).
DPTAP was synthesized according to the procedure described by Stamatatos
et al. (1988). The fatty acids were purchased from Sigma (St. Louis, MO).
Melittin was purified from bee venom (Sigma) by ion exchange chromatog-
raphy on SP-Sephadex C-25. A high-performance chromatography procedure
was used to remove the large amount of salt (Lafleur et al., 1987). A typical
sample was prepared by hydrating 30mg of lipids (orlipid mixture) with 1 ml
of 10 mM HEPES buffer containing 5 mM EDTA and 100 mM sodium
chloride, at pH = 7.5 or 9.5. The sample was heated above Tm and vortexed.
In the case of lipid mixtures, lipids were weighted in the desired ratio,
dissolved in benzene-methanol mixture (90/10v/v), and then lyophilized. For
lipid/melittin complexes, an aliquot of melittin solution in water was added to
the hydrated bilayers in the appropriate molar ratio, Ri.After the addition of
melittin, the sample was vortexed, heated, and cooled several timesthrough Tm
before data acquisition, because an incubation above the pretransition temper-
ature is required to observe micellization in the gel phase (Monette et al.,
1993). When necessary, the pH was adjusted by adding small aliquots of dilute
hydrochloride acid or sodium hydroxide aqueous solutions to the sample.
Deuterium oxide was added to the samples to maintain a deuterium lock.
A Bruker ARX-400 spectrometer was used to record the 31P NMR

spectra. After a single pulse of 20,us (350), 2048 points were acquired in
quadrature with a dwell time of 15,us. The relaxation delay was set to 1 s,
and proton decoupling was achieved with composite pulse decoupling
(GARP pulse sequence). The number of scans was typically 5400. The
sample temperature was regulated with a Bruker variable temperature
controller.

Differential scanning calorimetry (DSC) was performed on mixtures of

mixtures were prepared as described above and analyzed, using a Microcal
MC-1 high-sensitivity DSC, with a scan rate of 10C(/h. We have used a

deuterated phosphatidylcholine because these samples were utilized, in
parallel, in a 2H NMR study (Monette, 1994).

RESULTS

First, melittin-induced micellization is examined at different
pHs for DPPC/fatty acids mixtures. The 31P NMR spectra
recorded at 26°C from DPPC/fatty acid mixtures containing
melittin (R1 = 40) were obtained at pH 7.5 and 9.5 (Fig. 1).
For purposes of comparison, the spectrum of DPPC/melittin
complexes at the same Ri is also illustrated for both pHs. At
pH 9.5, all samples containing 10(mol)% fatty acid show a

complete inhibition of micellization, as previously shown
(Monette and Lafleur, 1995). When the pH is decreased to
7.5, the apparition of an isotropic signal indicates that some
micellization has occurred for all samples. The proportion
of the isotropic signal is different according to the nature of
the fatty acid: the spectra of the samples containing oleic
and linoleic acid show a reduced proportion of micellization
compared to pure DPPC, whereas the spectrum of the sam-

ple containing palmitic acid indicates a promotion of the
micellization with respect to DPPC. The variation of pH has
a much more reduced effect on the zwitterionic DPPC
bilayers because there is no variation in surface charge
density during that pH change.
The DPPC/fatty acid samples were characterized in the

liquid crystalline phase as well as in the gel phase. Fig. 2
shows the 31P NMR spectra obtained at pH 7.5 at 26°C,
35°C, and 45°C for the DPPC/fatty acid/melittin mixtures.
As shown previously, these mixtures give rise to an isotro-
pic signal at low temperature. An increase in temperature
leads to the fusion of the small comicelles into extended
bilayers, as inferred from the powder pattern obtained at
45°C. At 35°C, a narrow isotropic line is shown for the
DPPC and DPPC/PA samples. In comparison, a broader and
complex signal is obtained for the sample containing oleic
acid. The coexistence of an isotropic signal and a powder
pattern is observed when the bilayers contain 1O(mol)%
linoleic acid. According to these spectra, the fusion of the
small comicelles does not occur at the same temperature for
all samples and depends on the lipid composition. Never-
theless, the fusion of the small DPPC/fatty acid/melittin
comicelles occurs in a fashion similar to that for the DPPC/
melittin complexes (Fig. 2), indicating that the nature of the
lipid polymorphism induced by melittin is not altered by the
presence of fatty acids in the bilayers.

So far, the results indicate that the proportion of melittin-
induced micellization depends on the nature of the fatty
acids present in the DPPC bilayers. To highlight the impor-
tance of acyl chain unsaturation in membrane disruption
induced by melittin, we have measured, at 26°C, the pro-
portion of micellization with respect to the peptide concen-

tration for these mixtures and compared these with the
micellization observed with pure DPPC (Fig. 3). The per-

DPPC-d62 containing l0(mol)% palmitic, oleic, and linoleic acid. These
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DPPC/10(mol)¾ PA

I........ I, i,,

60 0 -60
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DPPC/10(mol)0A OA

60 0 -60
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DPPC/10(mol)% LA

60 0 -60
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FIGURE 1 3IP NMR spectra of samples containing 10(mol)% of palmitic, oleic, or linoleic acid compared to pure DPPC, in the presence of melittin (R,
= 40), at 26°C. (a) pH = 7.5; (b) pH = 9.5. The sample composition is indicated at the top of each column.

of the isotropic signal over the total area of the 31P NMR
spectrum (isotropic signal + powder pattern). The integra-
tion of the isotropic signal was achieved by fitting a poly-
nomial at the base of the isotropic peak to delimit its
surface. The reproducibility of the percentage micellization
was about 5% for different samples of identical composi-
tion. The T1 relaxation time is slightly different for both
observed species (1.1 s for the edge of the powder pattern
and 1.4 s for the isotropic component). This means that the
fractional area of the isotropic component does not vary in
direct proportion to the fraction of micellization, introduc-
ing a small systematic error in the determination of percent-
age micellization. However, the absolute error in percentage
micellization is at the very most 4%. Therefore, the relative
area of the isotropic peak provides a semiquantitative and
straightforward estimate of the sample composition. Fig. 3
shows a larger proportion of micellization for the DPPC/PA
mixture, for all Ri > 20, with respect to pure DPPC. Second,
the presence of oleic and linoleic acid leads to a reduction in
the percentage micellization compared to pure DPPC, the
inhibition being more pronounced for the DPPC/LA mix-
ture. For a constant Ri = 40, the percentage micellization is
82%, 58%, 34%, and 5% for the DPPC/PA, DPPC, DPPC/
OA, and DPPC/LA mixtures, respectively. For this given
peptide concentration, going from an unsaturated fatty acid
to a saturated fatty acid leads to a change from almost intact
bilayers to almost complete disruption. Comparable effects
were obtained for DPPC samples containing 20(mol)% fatty
acids (data not shown).

In an earlier study (Monette and Lafleur, 1995), a dra-
matic increase in melittin-induced micellization on DPPC
bilayers containing 10(mol)% positively charged DPTAP or

DOTAP was reported. Fig. 4 illustrates the 31P NMR spec-

tra obtained at 26°C for mixtures of DPPC containing
10(mol)% DPTAP and DOTAP at various Ri. In the absence
of melittin, the powder patterns obtained are typical of
gel-phase bilayers. The addition of a small amount of melit-
tin (Ri = 100) leads to an extensive disruption of the
DPPC/DPTAP vesicles, as inferred by the spectrum domi-
nated by a large isotropic signal (width at half-height of
about 1 kHz). For the DPPC/DOTAP mixture, the addition
of the same amount of melittin causes only 50% micelliza-
tion, and the line width of the isotropic signal is signifi-
cantly smaller (width at half-height of 550 Hz) than that
obtained from the DPPC/DPTAP mixture. Further addition
of the toxin leads to the increase in the proportion of
micellization for the mixture containing DOTAP (Fig. 4 b).
At Ri = 40, a complete disruption of the vesicles is observed
for both mixtures. For both systems, the phosphorus NMR
line width of the isotropic component depends on the R1; the
values are 500, 350, and 250 Hz for Ri = 60, 40, and 30,
respectively. The samples were heated above Tm, at 55°C.
As discussed previously (Monette and Lafleur, 1995), the
powder patterns recorded under these conditions (data not
shown) indicate the fusion of the comicellar complexes into
large lipidic assemblies in the fluid phase and show that the
positively charged lipids do not affect the nature of the
thermally induced macrostructural changes. In addition, a

DPPC

b)

a)

60 0 -60

(ppm)
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FIGURE 2 31P NMR spectra of samples containing 1O(mol)% of palmitic, oleic, or linoleic acid compared to pure DPPC, in the presence of melittin (Ri
= 20, except for the DPPC/PA mixture, Ri = 30) at pH = 7.5. (a) 26°C; (b) 35°C; (c) 45°C. The sample composition is indicated at the top of each column.

light-scattering control experiment was performed on a
DPPC/DOTAP sample in the presence of melittin (Ri = 60).

.i
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FIGURE 3 Percentage of micellization as a function of the lipid/peptide
ratio (RI) obtained at 26°C, pH = 7.5 for (O) pure DPPC, (0) DPPC/
10(mol)% palmitic acid, (A) DPPC/l0(mol)% oleic acid, and (*) DPPC/
10(mol)% linoleic acid.

The toxin was added to the lipid mixture at room tempera-
ture, and the scattered light was measured before and after
incubation above Tm. At 20°C, the scattered light intensity
was drastically reduced after incubation at 60°C relative to
that measured before incubation (data not shown). This
result indicates a decrease in the size of the lipidic aggre-
gates after interaction with melittin and supports our assign-
ment of the isotropic component observed at low tempera-
ture to micelles.

Differential scanning calorimetry was used to correlate
melittin-induced micellization with some physical proper-
ties of the DPPC bilayers containing different fatty acids.
DSC thermograms for mixtures of DPPC-d62 with palmitic
acid, oleic acid, and linoleic acid are shown in Fig. 5. The
transition temperature of the pure DPPC-d62 is indicated by
the dotted line (37.7°C according to Vist and Davis, 1990).
In agreement with previous results (Mabrey and Sturtevant,
1977; Usher et al., 1978; Verma et al., 1980; Schullery et
al., 1981; Ortiz and G6mez-Fernandez, 1987), the presence
of fatty acid in a DPPC matrix affects Tm and broadens the
transition. Palmitic acid shifts the main transition toward a
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DPPC/10(mol)% DOTAP

40 0 -40

(ppm)

FIGURE 4 31P NMR spectra of DPPC samples containing 10(mol)% of
DPTAP or DOTAP, at 26°C, pH = 7.5 (a) without melittin and (b-e) in
the presence of melittin: (b) R1 = 100; (c) Ri = 60; (d) Ri = 40; (e) R, =

30. The sample composition is indicated at the top of each column.

higher temperature (39.0°C). Conversely, the thermogram
of the DPPC-d62/oleic acid mixture indicates a small de-
crease in Tm (35.4°C) with respect to the pure lipid. The
decrease is more pronounced in the case of DPPC-d62/
linoleic acid mixture (Tm = 34.7°C; Fig. 5 c). DSC calo-
rimetry indicates that the presence of a small amount of
saturated fatty acids in DPPC increases the Tm, whereas the
presence of the same amount of unsaturated fatty acid leads
to the reduction of in the Tm, in agreement with previous
reports (Mabrey and Sturtevant, 1977; Usher et al., 1978;
Verma et al., 1980; Schullery et al., 1981; Ortiz and G6mez-
Fernmndez, 1987).

DISCUSSION

This study reports for the first time that melittin-induced
micellization can be modulated by the degree of unsatura-
tion of lipid acyl chains. Two sets of experimental results
lead to this conclusion. First, the power of melittin to disrupt
membranes increases in the following order: DPPC/
10(mol)% LA < DPPC/10(mol)% OA < DPPC < DPPC/

b)

a)

30 40 50 °C

FIGURE 5 Differential scanning calorimetry traces for DPPC-d62 sam-
ples containing 10(mol)% of (a) palmitic acid, (b) oleic acid, and (c)
linoleic acid. The scan rate was 10'Cfh. The dotted line represents the
transition temperature for pure DPPC-d62: 37.7°C (Vist and Davis, 1990).

10(mol)% PA. The presence of unsaturated fatty acid
inhibits melittin-induced micellization. Second, DPPC con-
taining 10(mol)% DOTAP is less susceptible to micelliza-
tion than is DPPC/10(mol)% DPTAP, leading to the same
conclusion. This modulation, however, does not affect the
nature of the polymorphism of lipid/melittin complexes.
The fusion of the comicellar complexes is triggered by the
gel-to-liquid crystalline phase transition of the lipid mix-
ture, as in the well-established case of DPPC/melittin com-
plexes (Dufourc et al., 1986).
We infer from this conclusion that unsaturation stabilizes

the bilayer with regard to the micellization induced by
melittin and/or destabilize the small lipid/peptide com-
plexes. This influence on the disruptive properties of melit-
tin is important, considering that a large reduction of the
percentage micellization can be induced by a limited pro-
portion of unsaturated acyl chains (10(mol)%). We have
used limited amounts of fatty acids in the DPPC matrices,
because this corresponds to their natural occurrence in cer-
tain membranes (Ray et al., 1969), as well as to avoid phase
separation. It has previously been established that a DPPC/
10(mol)%PA mixture forms a homogeneous system (Schul-
lery et al., 1981; Koynova et al. 1988; Villalain and G6mez-

DPPC/10(mol)Vo DPTAP

b)

a)

g0.,*,,,'o '-O T-

40 0 -40
(ppm)
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Fernandez, 1992). Similarly, such a limited amount of
cis-unsaturated fatty acid (OA and LA) was shown to be
miscible with saturated phosphatidylcholine (Ortiz and G6-
mez-Fernmndez, 1987).
To find a rationale for the modulation of melittin-induced

micellization by acyl chain unsaturation, we have examined
the effect of this unsaturation on the physical properties of
the bilayer. For the first set of samples (DPPC/10(mol)%
fatty acid), it is clear that the degree of unsaturation of the
fatty acid modulates the properties of the membranes. The
straightforward experimental result presented in this pa-
per illustrating this is the shift of Tm, because we ob-
serve Tm(DPPC/l0(mol)%LA) < Tm(DPPC/10(mol)%OA)
< Tm(DPPC) < Tm(DPPC/10(mol)%PA). This progression
is the same as that presented above for the propensity to
form comicelles. These variations in Tm were expected and
are well understood. Previous studies have shown that the
introduction of PA into DPPC induces a shift of Tm toward
high temperatures (Mabrey and Sturtevant, 1977; Usher et
al., 1978; Schullery et al., 1981). This phenomenon was
explained by the small size of the PA headgroup, leading to
a tighter packing of the acyl chains and, as a consequence,
enhanced interchain van der Waals interactions stabilizing
the gel phase. Conversely, the introduction of unsaturation
at the acyl chain level causes defects in the chain packing in
the gel phase and leads to a shift of Tm toward low temper-
atures, as discussed previously (Verma et al., 1980; Usher et
al., 1978; Ortiz and Gomez-Fema'ndez, 1987). Therefore, it
appears that the susceptibility of the membrane to undergo
a micellization in the presence of melittin is associated with
the cohesion of the hydrophobic core. It appears that the
presence of unsaturation in the hydrophobic core leads to a
more pronounced modulation of the micellization power of
melittin than that observed for acyl chain length. When
melittin-induced micellization was examined for DPPC,
DSPC, and 1,2-diarachidoyl-sn-glycero-3-phosphocholine
(DAPC) bilayers using 31P NMR, it was found that the
structural conversion from vesicle to comicelle occurs at the
same melittin content (Faucon et al., 1995).
The stability of the comicelles as a function of the

temperature provides insight into the rationalization of
our results. The lipid/melittin comicelles are more stable
in the gel phase than in the liquid crystalline phase. It has
been suggested that melittin can be accommodated at the
interface of a fluid bilayer because the acyl chains are
flexible and can support the lateral expansion of the
bilayer in response to the increase of interfacial area
created by melittin (Dempsey and Watts, 1987). The gel
phase, with its stiff chains, is not as accommodating and
triggers the relocation of the peptide, leading to the
formation of comicelles. We propose that the level of
unsaturation of the hydrophobic core of the membrane
modulates its ability to accommodate melittin in the
gel-phase bilayer and, as a consequence, the percentage
micellization. When the lipid chain packing is already
perturbed by the presence of unsaturation, it may be

melittin at the interface. Conversely, the presence of
palmitic acid increases the cohesion of the hydrophobic
core and, in this case, the location of melittin at the
interface may be very unfavorable from a free energy

point of view because of important interchain van der
Waals interactions. In this case, the distribution of the
peptide in the bilayer can favor enhanced micellization.
A parallel inference has been proposed for pyrene solu-
bility in phosphatidylcholine bilayer containing fatty ac-

ids (Usher et al., 1978). Fluorescence measurements have
shown that gel-phase phosphatidylcholines are consider-
ably affected by a low amount of fatty acids. The authors
have shown that the presence of palmitic acid, in addition
to inducing a shift of Tm toward high temperature, en-

hances the formation of pyrene probe clusters. Con-
versely, unsaturated acids (linoleic, oleic, and arachi-
donic acids in that study) lower Tm and decrease the
ability of pyrene to form clusters. The fatty acids mod-
ulate the cohesion of the hydrophobic core of the bilayer
and, as a consequence, the ability to accommodate bulky
pyrene groups in a gel-phase membrane. The conclusions
of that investigation are consistent with the relation we

have established between hydrophobic core cohesion and
melittin-induced micellization, as discussed above.
The change in macroaggregation occurring during mi-

cellization leads to at least two structural modifications.
First, the radius of curvature of the lipid structure changes
because the membrane undergoes a transition from a large
vesicle to a flat discoidal micelle (if one supposes that the
presence of 10(mol)% of other lipidic species in DPPC
matrix does not affect the architecture of the comicelles).
Second, the size of the aggregates decreases drastically,
going from 0.5 to a few microns for multilamellar disper-
sions to about 200 A for the comicelles (Faucon et al.,
1995). Considering these two changes, the mechanical prop-

erties of the bilayer could also play an important role in the
micellization process because the free energy associated
with membrane curvature and local deformations of the
bilayer such as surface undulations are likely affected by the
structural transformation occurring during the micellization.
The data in the literature on the micromechanical properties
of bilayers and their variation as a function of the unsatura-
tion degree are unfortunately too limited to discuss their
potential contributions, but the modulation of these proper-
ties by unsaturation may be related to the role played by
lipid chain in melittin-induced micellization. Finally, it
should be mentioned that the inhibition of micellization by
acyl chain unsaturation could be due to a lower partitioning
coefficient of melittin in these bilayers, because the data are

expressed in terms of lipid/melittin ratio during the incuba-
tion, without specifying the proportion of bound peptide.
This is unlikely, however, because it was reported recently
that the partition coefficient of melittin between the aqueous
phase and the bilayer is basically the same for phospholipids
with different levels of chain unsaturation (Subbarao and

easier for the membrane to adapt to the presence of
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A similar influence of lipid chain unsaturation on melit-
tin-induced micellization is observed for the mixture con-
taining the positively charged lipid. When the acyl chains of
the positively charged lipid are saturated, the disruption of
the membranes is more extensive than for DOTAP, as
observed for Ri of 100 and 60 (Fig. 4). This inhibition is
illustrated by a powder pattern significantly more intense
with DOTAP than with DPTAP. This wide signal coexists
with an isotropic line. The width of the isotropic component
provides some information about the size of the comicelles
(Burnell et al., 1980; Cushley et al., 1987). As deduced from
the line width, the peptide/lipid comicelles formed by the
DPPC/DPTAP mixture at a Ri of 100 are larger than those
obtained with the DPPC/DOTAP mixture. If the structure of
these comicelles is similar to those obtained with pure
DPPC in the presence of melittin, the lipid/melittin ratio in
the discoidal particle is directly proportional to its radius
(Monette and Lafleur, 1995). We can therefore infer from
the line width that, at a Ri of 100, the lipid/melittin ratio in
the comicelle formed in the presence of DPTAP is higher
than that obtained with DOTAP. This conclusion is in good
agreement with the fact that a more pronounced micelliza-
tion occurs with the saturated lipid, whereas more lipids still
form large lipidic assemblies in the presence of DOTAP.
Subsequent addition of melittin leads to a narrowing of the
isotropic line for both samples, suggesting that the comi-
celles are broken up into smaller ones, in agreement again
with a lower lipid/melittin ratio in the particles. These
results show that the level of unsaturation of the hydropho-
bic core can modulate not only the extent of melittin-
induced micellization but also, under certain conditions, the
size of the resulting comicelles.

It should be noted that the proportion of melittin-induced
micellization obtained in the presence of one or the other
positively charged lipids in a DPPC matrix is always larger
than that observed for pure DPPC (Monette and Lafleur,
1995). The electrostatic interactions appear to dominate
those related to the cohesion of the hydrophobic core. Sim-
ilarly, we showed (Monette and Lafleur, 1995) that the
inhibition of the melittin-induced micellization was similar
for PA, OA, and LA at high pH, when the fatty acid was
unprotonated; in this case again, the electrostatic interac-
tions appear to be the prime contribution. Therefore, the
cohesion of the apolar core has an unquestionable role in
melittin-induced micellization, but it is of second order
relative to electrostatic interactions.
To conclude, it is interesting to highlight the fact that the

influence of three components of biological membranes on
melittin-induced micellization have been investigated: cho-
lesterol (Monette et al., 1993; Pott and Dufourc, 1995),
negatively charged lipids (Dempsey et al., 1989; Monette
and Lafleur, 1995), and unsaturation (this paper). These
three components have been shown to inhibit, via different
mechanisms, the disruptive power of melittin. These con-
clusions provide interesting leads to understanding the
greater resistance of the human erythrocyte membranes to

melittin-induced micellization relative to model DPPC ves-
icles (Dufourc et al., 1989).

The authors thank Prof. John Silvius for the DSC measurements and for
providing DPTAP, and Dr. J. Dufourcq for sending us preprints.

MM is grateful to the Natural Sciences and Engineering Research Council
of Canada (NSERC) for a postgraduate scholarship. This work was sup-
ported by NSERC (Canada) and the Fonds FCAR.

REFERENCES

Burnell, E. E., P. R. Cullis, and B. de Kruijff. 1980. Effect of tumbling and
lateral diffusion on phosphatidylcholine model membrane 3'P-NMR
lineshapes. Biochim. Biophys. Acta. 603:63-69.

Cushley, R. J., W. D. Treleaven, Y. I. Parmar, R. S. Chana, and D. B.
Fenske. 1987. Surface diffusion in human serum lipoproteins. Biochem.
Biophys. Res. Commun. 146:1139-1145.

Dempsey, C. E. 1990. The action of melittin on membranes. Biochim.
Biophys. Acta. 1031:143-161.

Dempsey, C., M. Bitbol, and A. Watts. 1989. Interaction of melittin with
mixed phospholipid membranes composed of dimyristoylphosphatidyl-
choline and dimyristoylphosphatidylserine studied by deuterium NMR.
Biochemistry. 28:6590-6596.

Dempsey, C. E., and A. Watts. 1987. A deuterium and phosphorus-31
nuclear magnetic resonance study of the interaction of melittin with
dimyristoylphosphatidylcholine bilayers and the effects of contaminat-
ing phospholipase A2. Biochemistry. 26:5803-5811.

Dufourc, E. J., J.-M. Bonmatin, and J. Dufourcq. 1989. Membrane struc-
ture and dynamics by 2H and 31P-NMR. Effects of amphipathic peptidic
toxins on phospholipid and biological membranes. Biochimie. 71:
117-123.

Dufourc, E. J., J.-F. Faucon, G. Fourche, J. Dufourcq, T. Gulik-Krzywicki,
and M. Le Maire. 1986. Reversible disc-to-vesicle transition of melittin-
DPPC complexes triggered by the phospholipid acyl chain melting.
FEBS Lett. 201:205-209.

Dufourcq, J., J.-F. Faucon, G. Fourche, J.-L. Dasseux, M. Le Maire, and T.
Gulik-Krzywicki. 1986. Morphological changes of phosphatidylcholine
bilayers induced by melittin: vesicularization, fusion, discoidal particles.
Biochim. Biophys. Acta. 859:33-48.

Faucon, J.-F., J.-M. Bonmatin, J. Dufourcq, and E. J. Dufourc. 1995. Acyl
chain length dependence in the stability of melittin-phosphatidylcholine
complexes. A light scattering and 31P-NMR study. Biochim. Biophys.
Acta. 1234:235-243.

Habermann, E. 1972. Bee and wasp venom: the biochemistry and phar-
macology of their peptides and enzymes are reviewed. Science. 177:
314-322.

Koynova, R. D., B. G. Tenchov, P. J. Quinn, and P. Laggner. 1988.
Structure and phase behavior of hydrated mixtures of L-dipalmitoylphos-
phatidylcholine and palmitic acid. Correlations between structural rear-
rangements, specific volume changes and endothermic events. Chem.
Phys. Lipids. 48:205-214.

Lafleur, M., J.-L. Dasseux, M. Pigeon, J. Dufourcq, and M. P6zolet. 1987.
Study of the effect of melittin on the thermotropism of dipalmitoylphos-
phatidylcholine by Raman spectroscopy. Biochemistry. 26:1173-1179.

Lafleur, M., I. Samson, and M. P6zolet. 1991. Investigation of the inter-
action between melittin and dipalmitoylphosphatidylcholine bilayers by
vibrational spectroscopy. Chem. Phys. Lipids. 59:233-244.

Lauterwein, J., C. B6sch, L. Brown, and K. Wuthrich. 1979. Physicochem-
ical studies of the protein-lipid interactions in melittin-containing mi-
celles. Biochim. Biophys. Acta. 556:244-264.

Mabrey, S., and J. M. Sturtevant. 1977. Incorporation of saturated fatty
acids into phosphatidylcholine bilayers. Biochim. Biophys. Acta. 486:
444-450.

Monette, M. 1994. Etude de l'activite lytique de la m6littine sur des
membranes modeles. Thesis. Universit6 de Montr6al.

Monette, M., and M. Lafleur. 1995. Modulation of melittin-induced lysis
by surface charge density of membranes. Biophys. J. 68:187-195.



2202 Biophysical Joumal Volume 70 May 1996

Monette, M., M.-R. Van Calsteren, and M. Lafleur. 1993. Effect of cholesterol
on the polymorphism of dipalmitoylphosphatidylcholine/melittin
complexes: an NMR study. Biochim. Biophys. Acta. 1149:319-328.

Ortiz, A., and J. G6mez-Femrndez. 1987. A differential scanning calorim-
etry study of the interaction of free fatty acids with phospholipid mem-
branes. Chem. Phys. Lipids. 45:75-91.

Pott, T., and E. J. Dufourc. 1995. Action of melittin on the DPPC-
cholesterol liquid-ordered phase: a solid state 2H- and 31P-NMR study.
Biophys. J. 68:965-977.

Ray, T. K., V. P. Skipski, M. Barclay, E. Essner, and F. M. Archibald.
1969. Lipid composition of rat liver plasma membranes. J. BioL Chem.
20:5528-5536.

Schullery, S. E., T. A. Seder, D. A. Weinstein, and D. A. Bryant. 1981.
Differential thermal analysis of dipalmitoylphosphatidylcholine-fatty
acid mixtures. Biochemistry. 20:6818-6824.

Seelig, J. 1978. 31P nuclear magnetic resonance and the head group structure
of phospholipids in membranes. Biochim. Biophys. Acta 515:105-140.

Stamatatos, L., R. Leventis, M. J. Zuckermann, and J. R. Silvius. 1988.
Interactions of cationic lipid vesicles with negatively charged phospho-
lipid vesicles and biological membranes. Biochemistry. 27:3917-3925.

Subbarao, N. K., and R. C. MacDonald. 1994. Lipid unsaturation influ-
ences melittin-induced leakage of vesicles. Biochim. Biophys. Acta.
1189:101-107.

Usher, J. R., R. M. Epand, and D. Papahadjopoulos. 1978. The effect of
free fatty acids on the thermotropic phase transition of dimyristoylglyc-
erophosphocholine. Chem. Phys. Lipids. 22:245-253.

Verma, S. P., D. F. H. Wallach, and J. D. Sakura. 1980. Raman analysis of
the thermotropic behavior of lecithin-fatty acid systems and of their
interaction with proteolipid apoprotein. Biochemistry. 19:574-579.

Villalafn, J., and J. C. G6mez-Fernandez. 1992. Fourier transform infrared
spectroscopic study of mixtures of palmitic acid with dipalmitoylphos-
phatidylcholine using isotopic substitution. Chem. Phys. Lipids. 62:
19-29.

Vist, M. R., and J. H. Davis. 1990. Phase equilibria of cholesterol/
dipalmitoyl-phosphatidylcholine mixtures: 2H nuclear magnetic
resonance and differential scanning calorimetry. Biochemistry. 29:
451-464.

Vogel, H., and F. Jahnig. 1986. The structure of melittin in membranes.
Biophys. J. 50:573-582.


