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Melittin-induced membrane fusion between neutral and acidic phospholipids was exam-
ined in liposome systems with a high-sensitivity differential scanning calorimeter. Mem-
brane fusion could be detected by calorimetric measurement by observing thermograms
of mixed liposomal lipids. The roles of hydrophobic and electrostatic interactions were
investigated in membrane fusion induced by melittin. Melittin, a bee venom peptide, is
composed of a hydrophobic region including hydrophobic amino acids and a positively
charged region including basic amino acids. When phosphatidylcholine liposomes were
prepared in the presence of melittin, reductions in the phase transition enthalpies were
observed in the following order; dimyristoylphosphatidylcholine (DMPC) > dipalmi-
toylphosphatidylcholine (DPPC) > distearoylphosphatidylcholine (DSPC) > dielaidoyl-
phosphatidylcholine (DEPC). The plase transition enthalpy of an acidic phospholipid,
dipalmitoylphosphatidylserine (DPPS), was raised by melittin at low concentrations,
then reduced at higher concentrations. DPPC liposomes prepared in melittin solution
were fused with DPPS liposomes when the liposomal dispersions were mixed and incu-
bated. Similar fusion was observed between dipalmitoylphosphatidylcholine and di-
myristoylphosphatidic acid (DMPA) liposomes. These results indicate that a peptide in-
cluding hydrophobic and basic regions can mediate membrane fusion between neutral

and acidic liposomes by hydrophobic and electrostatic interactions.
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Membrane fusion is a key event in the biological function of
living organisms. Fertilization involves membrane fusion of
a sperm with an egg, and cell division requires membrane
fusion to re-seal plasma membranes after cell division.
Membrane fusion is also observed in endocytosis, exocyto-
sis, and cellular membrane traffic (1). Recently, a scheme
for the whole process of membrane fusion has been pro-
posed based on the analysis of the structure of the SNARE
complex containing syntaxin, SNAP-25, and synsptobrevin,
which mediate membrane fusion (2), and the structure of
the SNARE complex was revealed by X-ray crystallography
(3). Participation of the SNARE complex is also manifested
in membrane fusion of the endoplasmic reticulum (4). How-
ever, membrane fusion is a phenomenon that occurs in the
lipid bilayer, and the molecular mechanism by which lipids
participate in membrane fusion has not yet been eluci-
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dated. We believe that the essential part of membrane
fusion proceeds on the lipid bilayer membranes since the
two-dimensional structure of biomembranes is due to the
molecular assembly of phospholipids in an aqueous envi-
ronment. Indeed, liposomes have been adopted as the sim-
plest model system in which to study membrane fusion (5).
The fusion of model membranes containing acidic phospho-
lipids initiated by Ca?* has been well investigated, and S.
Ohki has proposed that an increase in the hydrophobicity
of the membrane surface caused by the binding of divalent
cations mediates membrane fusion among acidic phospho-
lipids (6). However, the Ca**-concentration needed to in-
duce fusion in these systems is at least three orders of mag-
nitude higher than the intracellular Ca?* concentration re-
quired to trigger membrane fusion, which makes a direct
role for Ca?* unlikely. Therefore, we attempted to find a
peptide factor that can induce fusion of membranes that
include acidic phospholipids in place of Ca?*. Since Eytan
and Almary have shown that melittin induces the fusion of
liposomes containing phosphatidylethanolamine, phospha-
tidylcholine, and cardiolipin (50, 20, 30%, respectively) (7),
we choose melittin as a potential peptide to mediate mem-
brane fusion. Here we have proved that melittin induces
membrane fusion between phosphatidylcholine and acidic
phospholipid, by observing DSC thermograms that reflect
the mixing state of liposomal lipids. In this study, we inves-
tigated the effects of melittin on phospholipids from the
viewpoints of hydrophobic and electrostatic interactions.
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We have also elucidated the hydrophobic and electrostatic
interactions between melittin and phospholipids at the
molecular level in detail.

MATERIALS AND METHODS

Synthetic phospholipids, 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-phospho-
choline (DMPC), 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC), 1,2-dielaidoyl-sn-glycero-3-phosphocholine (DE-
PC), 1,2-dipalmitoyl-sn-glycero-3-phosphoserine (DPPS),
1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA), and bee
venom, melittin (purity 91% by HPLC) were purchased
from Sigma Chemical (St. Louis, MO). The desired pure
phospholipid or mixture of phospholipids (2.0 pmol) in chlo-
roform solution was placed into a small glass vial, and the
solvent was evaporated under a nitrogen stream and then
under reduced pressure. One milliliter of HEPES buffer (50
mM, pH 7.3) containing various amounts of melittin was
poured into the vial, and the lipids were dispersed in a
bath-type sonicator, Iuchi VS10U (Tokyo), at 80°C for 2
min. All preparations contained 5 mM of EDTA to inhibit
the phospholipase activity included in melittin (8). Calori-
metric scans were performed with a differential adiabatic
microcalorimeter, Privalov calorimeter DASM-4 (Sinku
Riko, Yokohama) (9), at a heating scan rate of 0.5 K/min in
0.5-ml cells under a pressure of 2.0 atm to prevent bubble
formation (10). Before injection of the sample, the cells for
the sample and reference were cooled to 10°C. Then the
liposomal sample incubated for 2 h at the desired tempera-
ture was injected into the cell and the DSC measurement
was started immediately. Data were processed on a per-
sonal computer, PC-9801RX (NEC, Tokyo).

RESULTS AND DISCUSSION

When phospholipid molecules are dispersed in water, they
hydrate and then assemble into lipid bilayer membranes
spontaneously. The membranes manifest a phase transition
at a characteristic temperature that is determined prima-
rily by the molecular species. Multi-lamellar vesicles of
DPPC give a major main transition peak at 41°C, which is
due to the melting of the acyl chains on the molecule, and a
small pre-transition peak at 35°C. For DPPS dispersions at
neutral pH, only the main transition is observed at 53°C.
The cooperativity of phase transition is reflected in the
transition profile on DSC thermograms. As the cooperativ-
ity of single-bilayer vesicles is smaller than that of multi-
lamellar ones (11), the transition peaks in sonicated vesi-
cles of DPPC and DPPS shown in Fig. 1 become broader
compared to those of multi-lamellar vesicles. This result
indicates that single- or oligo-lamellar vesicles are formed
in the preparations using the sonicator, and also because
negatively charged lipids form single-lamellar vesicles
spontaneously (12). A high-sensitivity DSC, as used in the
present experiments, can detect fine structures on lipid
bilayer membranes, and the main transition peaks are
clearly split into two peaks, which probably reflects differ-
ent states of protonation of the polar moiety (Fig. 1, a and
b). The single- and oligo-lamellar vesicles are suitable for
membrane fusion experiments since the outer layers of
liposomes are more important in the fusion process. Figure
1c shows a thermogram of liposomes prepared from a mix-
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ture of DPPC and DPPS at a molar ratio of 1:1. In a binary
mixture of phospholipids, the profile of the thermogram
depends on the miscibility of the components (13). A binary
mixture of DPPC and DPPS gives one transition peak,
which indicates that the miscibility of these phospholipids
is fairly good. Therefore, as the mixing of these phospholip-
ids proceeds, the transition peak of the binary mixture
grows with a decrease in the separated peaks of each phos-
pholipid. In the present study, this phenomenon was used
to detect membrane fusion. This method has an advantage
over popular techniques based on the mixing of aqueous
vesicle contents (I4) and resonance energy transfer be-
tween fluorescent lipids (15) since the mixing of membrane
lipids is monitored directly without any probes.

Melittin is composed of 26 amino acids including 5 basic
amino acids. In an aqueous environment, it forms tetram-
ers and is easily soluble in water (16). The authors exam-
ined the interaction between melittin and various species of
phosphatidylcholine by DSC. Phase transition enthalpies of
phosphatidylcholines were reduced in the presence of melit-
tin. The reduction in phase transition enthalpy depended
markedly on the length of the fatty acyl chain, as summa-
rized in Table 1. The largest reduction was observed for
DMPC, which has a 12-carbon acyl chain, with no reduc-
tion observed for DEPC and DSPC, which have 18-carbon
acyl chains. In the present membrane fusion experiments,
liposomes of 2 mM DPPC were prepared in buffer contain-
ing melittin. The enthalpy of the main transition was
reduced in proportion to the melittin concentration; e.g. a
27% reduction was observed in buffer containing 0.1 mM
melittin. This result indicates that melittin molecules pene-
trate the hydrophobic core of DPPC membranes (17). Lipo-
somes of acidic phospholipids were prepared independently
in buffer without melittin. In order to investigate mem-
brane fusion, DPPC liposomes prepared with melittin were
mixed with liposome preparations of acidic phospholipids
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Fig. 1. Thermograms of liposomes of (a) DPPC, (b) DPPS, and
(c) a binary mixture of DPPC and DPPS (molar ratio, 1:1). Li-
posomes were prepared by dispersing 2 pmol phospholipid(s) in 1 ml
HEPES buffer (50 mM HEPES, 5 mM EDTA; pH 7.3) in a bath-type
sonicator at 80°C for 2 min. Thermograms were obtained at a heat-
ing rate of 0.5 K/min.
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formed without melittin.

At first, membrane fusion between DPPC and DPPS
liposomes were examined by the method described above.
In a control experiment, both DPPC and DPPS liposomes
were prepared independently in HEPES buffer without
melittin, and then these liposomes were mixed and incu-
bated for 2 h at 55°C. DSC measurements of the mixture
showed two separated peaks on the thermogram (Fig. 2a),
One peak at 41°C and the other at 53°C, corresponding to
the main transition peak of DPPC and DPPS liposomes,
respectively (¢f Fig. 1,a and b).

The separated transition peaks indicate that membrane
fusion does not occur between these liposomes in the ab-
sence of melittin. Then, DPPC liposomes were prepared in
HEPES buffer containing the desired amounts of melittin
and 5 mM EDTA. When these DPPC liposomes were mixed
with DPPS liposomes, a new transition peak appeared
around 44°C after 2-h incubation at 55°C (Fig. 2b), and in-
creased in a melittin dose-dependent manner (Fig. 2, ¢ and
d). Finally, the transition peak coincided with that of the
binary mixture of DPPC and DPPS (Fig. 2f). At an incuba-
tion temperature of 55°C, both DPPC and DPPS bilayer
membranes are in the fluid phase. The same experiment at
25°C showed that melittin induces membrane fusion be-
tween DPPC and DPPS even when the membranes are in
the gel phase (Fig. 2e). Hence, the phase structures of lipid-
bilayer membranes hardly affect the fusion induced by
melittin. Preliminary experiments using analogs of hemag-
glutinin (kindly provided by Dr. S. Takahashi of Kyoto Uni-
versity) have shown that the fusion activity of the peptide
is markedly lower in gel phase liposomes than in liquid
crystalline (fluid) phase liposomes. Compared to this result,
the fusion activity of melittin is strong enough to induce
fusion regardless of the phase structure of the membrane.

In order to examine electrostatic interactions between
lipid bilayer membranes and the peptide, changes in the
thermograms of DPPS liposomes induced by melittin were
measured by DSC. DPPS liposomes without melittin show
two transition peaks, probably because of the existence of
different dissociation states of the phosphatidic acids (Fig.
3a). Figure 3b shows that 1 mol% of melittin results in one
peak, and the transition enthalpy is raised to 12.0 kcal/mol
from 8.29 kcal/mol (Fig. 3a). This may be because the basic
amino acids of melittin interact with DPPS molecules elec-
trostatically to make the two states merge into one, since
the higher temperature peak merges into the lower tem-

perature peak. At 2 mol% melittin, new transition peaks
appear at 30 and 38°C (Fig. 3c). More peaks appear at 5
mol% melittin (Fig. 3d), and these peaks begin to merge at
15 mol% melittin (Fig. 3e), finally, becoming a single peak
with a transition enthalpy of 3.62 kcal/mol at 27°C at 20
mol% melittin (Fig. 3, e and f). The melittin molecule in-
cludes 5 basic amino acids, so under these conditions all
DPPS molecules should interact with melittin electrostati-
cally. It is supposed that the complex of DPPS and melittin
gives a transition peak at 27°C. Ohki et al., using lipid
monolayers, have shown that melittin tends to be adsorbed
on the surface of the negatively charged phosphatidylserine
membrane due to electrostatic interactions, and that the
melittin molecule remains on the surface (I18).

Control experiments were performed using DMPC and
DPPC liposomes in order to examine the fusion activity of

.o N

;

Endotherm —
270z ‘0g Joquisides uo AlsieAlun pezy olues| ke /Bio'sfeulnolpioxoqly/:diy woly pspeojumoq

Excess Heat Capacity

-

%}»

L 1 1 1 " 1 n ] n 1

10 20 30 40 50 60 70

Temperature [ C]

Fig. 2. Thermograms of liposomal mixtures of DPPC and
DPPS after 2-h incubation. DPPC liposomes were prepared by
dispersing 2 pmol phospholipid in HEPES buffer containing (a) 0
mM, (b) 0.02 mM, (¢) 0.04 mM, (d) 0.06 mM, and (e) 0.06 mM melit-
tin. In the absence of melittin, DPPS liposomes were prepared by
the same method. The DPPC and DPPS liposomes were mixed and
incubated for 2 h at (a)~(d) 55 or (e) 25°C. (f) Liposomes of binary
mixtures of DPPC and DPPS (1:1) were prepared in 0.06 mM melit-
tin at 80°C. After incubation, thermograms were obtained at a heat-
ing rate of 0.5 K/min.

TABLE I. Melittin-induced reduction of phase transition enthalpy of liposomes composed of various phosphatidylcholines.

Phospholipid species Melittin (mol%) Temperature (*C) Phase transition Enthalpy (kcal/mol) Relative enthalpy (%)
DEPC 0 10.4 9.13 100
1 10.4 9.14 100
5 10.5 (peak 1) 3.72 98.72
12.6 (peak 2) 5.29
DMPC 0 22.3 4.70 100
1 22.4 4.52 96.2
2 22.3 4.12 87.7
5 22.3 2.82 60.0
DPPC 0 42.0 7.02 100
2 40.4 6.45 919
5 40.2 5.11 72.7
DSPC 0 53.7 10.1 100
1 53.8 10.3 102
5 53.1 9.39 93

#Total of separated peaks.
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melittin between neutral liposomes. Liposomes of one phos-
phatidylcholine species were prepared in the presence of
melittin and mixed with the other species of liposomes pre-
pared without melittin. The thermograms after 2-h incuba-
tion showed two separated transition peaks of DMPC and
DPPC up to 0.06 mM melittin (data not shown). These
results indicate that melittin does not induce membrane
fusion between neutral phospholipids and that acidic phos-
pholipids are essential for melittin-induced fusion.

The participation of phosphatidic acid, another acidic
phospholipid, in the melittin-induced membrane fusion was
examined. Phosphatidic acids show a growth factor-like ac-
tion (19) and are converted to diacylglycerol, which acti-
vates protein kinase C (20). Therefore, the fusion activity of
melittin was further investigated between liposomes of
DPPC and dimyristoylphosphatidic acid (DMPA). When
DPPC liposomes were prepared in the presence of melittin,
the melittin reduced the enthalpies but did not change the
temperatures of the pre- and main transitions (Fig. 4a).
DMPA liposomes gave a main transition peak at 52°C (Fig.
4b), and the addition of melittin shifted the peak to a lower
temperature (Fig. 4¢). While a broadening of the transition
peak was observed, the transition enthalpy of DMPA was
not reduced by the addition of melittin. These results indi-
cate that melittin penetrates the hydrophobic core of DPPC
membranes, and that it binds to the surface of DMPA
membranes electrostatically (17). When DPPC liposomes
were prepared in melittin solution and mixed with DMPA
liposomes, the DSC thermogram of the mixture showed a
new transition peak between a peak around 42°C and a
peak around 50°C (Fig. 4d). The new peak corresponds to
the transition peak of a binary mixture of DPPC and
DMPA, and the peaks on either side correspond to DPPC
and DMPA, respectively. The binary peak appears between
the DPPC and DMPA peaks even at 0.002 mM melittin
(Fig. 4d). At 0.02 mM melittin, only the peak of the binary
mixture is observed (Fig. 4e). These results indicate that
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Fig. 3. Thermograms of DPPS liposomes including desired
amounts of melittin. DPPS liposomes were prepared by dispers-
ing 2 pmol phospholipid in 1 ml HEPES buffer in a bath-type soni-
cator at 80°C for 2 min. Then various concentrations of melittin were
added to the liposomal dispersions: (a) 0 mM, (b) 0.02 mM, (c) 0.04
mM, (d) 0.1 mM, (e) 0.3 mM, and (f) 0.4 mM. Thermograms were ob-
tained at a heating rate of 0.5 K/min.
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membrane fusion is similarly induced by melittin in liposo-
mal systems in which phosphatidylserine is replaced by
phosphatidic acid.

The essential process of membrane fusion involves reor-
ganization of lipid molecules with the adjacent membranes,
a process that is probably mediated by non-bilayer interme-
diates (21). Although the detailed mechanism of membrane
fusion remains unknown, a group of homologous proteins,
annexins, play an important role in membrane fusion of
exocytosis in cells (22). However, using liposomes as a
model, membrane fusion can be investigated in a defined
system. Calcium ions induce the fusion of liposomes con-
taining acidic phospholipids. Stamatatos et al. have report-
ed that liposomes with opposite surface charges aggregate
and proceed to fuse (23). Murata et al. have shown that
synthetic amphiphilic peptides with opposite charges can
induce membrane fusion between phosphatidylcholine lipo-
somes (24). In these liposomal systems, presumably, elec-
trostatic forces keep the membranes in contact, and the
close contact makes the fusion process progress. When
melittin assumes an a-helix configuration, three-fourths of
the surface becomes a hydrophobic region, with the positive
charges of the basic amino acids in the carboxyl terminus.
Indeed, the transition enthalpy of DPPC is reduced by the
addition of melittin (Table I and Fig. 4a). A reduction in the
transition enthalpy is observed when a protein partially
penetrates the bilayer membranes of DPPC (17). The addi-
tion of melittin shifts the phase transition temperatures of
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Fig. 4. Thermograms of DPPC liposomes, DMPA liposomes,
and liposomal mixtures of the two with and without melit-
tin. (a) DPPC and (c) DMPA liposomes were prepared by dispersing
2 umol phospholipid in 1 ml HEPES buffer containing 0.06 mM
melittin. In the absence of melittin (b) DMPA liposomes were pre-
pared by the same method. (d) DPPC lipesomes were prepared in 1
ml HEPES buffer containing 0.002 mM melittin and mixed with
DMPA liposomes prepared without melittin, and then incubated for
2 h at 55°C. (¢) DPPC liposomes were prepared in the presence of
0.02 mM melittin, and mixed with DMPA liposomes then incubated
for 2 h at 55°C. After incubation, thermograms were obtained at a
heating rate of 0.5 K/min.
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DPPS and DMPA (Fig. 4c), which is consistent with an
electrostatic interaction between melittin and acidic phos-
pholipids. Two lysines and two arginines are located near
the carboxyl end of the melittin molecule, with the rest of
the molecule composed mainly of hydrophobic amino acids.
Assuming that membrane fusion occurs when lipid bilayer
membranes are in close contact, melittin may induce fusion
by inserting its hydrophobic tail into one membrane and
attracting the other membrane electrostatically. Monette
and Lafleur have reported that melittin interacts with neg-
atively charged lipids (25). The present results indicate
that melittin can induce membrane fusion between acidic
phospholipids and neutral phospholipids due to its am-
phiphilic nature. Melittin-induced fusion occurs in both the
liquid crystalline and gel phases of lipid bilayers, which
implies that melittin disturbs the membrane structure fol-
lowing the effect of membrane contact by electrostatic
interaction. A recent study of membrane fusion revealed
that SNARE (SNApREceptors) in vesicle membranes and
SNARE in target membranes combine leading to mem-
brane fusion (4). This result indicates that close contact
between membranes is very important for progression to
the next step of membrane fusion. When two membranes
are in very close contact, the probability of going to the next
step increases due to perturbation or fluctuation at the site
of contact, which might trigger membrane fusion. The
present results have shown that melittin induces a mixing
of lipids between different liposomes, which indicates that
melittin causes a close contact between membranes. Con-
sidering that the fusion activity of melittin does not depend
on the phase structure of the membrane, lipid mixing prob-
ably leads to membrane fusion. Special mention should
also be made of the method for measuring membrane
fusion. In general, membrane fusion has been investigated
by monitoring the mixing of vesicle lipids and the mixing of
aqueous contents (26). Here, membrane fusion was exam-
ined by measuring the phase transition behavior of the
liposomal system by DSC, which reflects the degree of lipid
mixing. Recently, Pantazatos and MacDonald have ob-
served membrane fusion between positively and negatively
charged giant liposomes under an optical microscope (27).
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