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Abstract

Interaction of melittin with lipid membranes was studied systematically with respect to its adsorption onto membranes, its
effect on membrane leakage and fusion, and micellization at various melittin /lipid ratios. It was found that melittin has a strong
affinity for adsorption onto lipid membranes. The analysis of the measured electrophoretic mobilities by use of a Gouy-Chapman
double layer theory, shows that melittin is adsorbed onto the phosphatidylserine membrane several times more than the
phosphatidylcholine membrane. However, it was observed that the phosphatidylcholine membrane is more susceptible to
membrane leakage, vesicle fusion and micellization at a lower level of melittin adsorbed than the phosphatidylserine membrane.
For small unilamellar phosphatidylcholine vesicles in 0.1 M NaCl, membrane leakage started at melittin to lipid ratio of 1:2000, a
large increase in the rate of membrane leakage occurred at a ratio of about 1:500 or higher, membrane fusion occurred at a ratio
of 1:200, and membrane micellization at a ratio of 1:10. On the other hand, for small unilamellar phosphatidylserine vesicles, the
respective concentrations of melittin to result in membrane leakage, vesicle fusion, and membrane micellization were several
times higher. Surface pressure measurements of lipid monolayers showed that the increase in surface pressure of the
phosphatidylcholine monolayer due to the presence of melittin in the subphase solution was greater than that for the
phosphatidylserine monolayer at any melittin concentration in the subphase solution. These experimental results indicate that
melittin tends to be adsorbed on the surface of the negatively charged phosphatidylserine membrane due to the electrostatic
binding so that the melittin molecule can stay out more on the surface of the membrane, while melittin appears to be adsorbed
more into the hydrophobic membrane core for the electrically neutral phosphatidylcholine membrane.
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1. Introduction

In order to gain insight into molecular mechanisms
of biological membrane fusion, fusion in model mem-
brane systems has been investigated by many authors.
For lipid membrane fusion, a number of methods to
induce fusion have been found [1,2]; divalent cation-in-
duced fusion, temperature-induced fusion, osmotic
pressure-induced fusion, electrical field-induced fu-
sion, etc. Some macromolecules were also found to
induce lipid membrane fusion [3]. Calcium binding
proteins, such as synexin [4,5] and positively charged
polypeptides such as polylysine [6] can enhance fusion
of acidic lipid membranes in the presence of Ca?* and
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other divalent cations. On the other hand, some non-
charged macromolecules (e.g., polyethylene glycol) were
found to induce fusion of both charged and neutral
membranes in the absence of divalent cations [1,2,7,8].
Some proteins also induce membrane fusion without
divalent cations. A typical example of these is the
fusion proteins in virus-cell systems. These proteins
(e.g., F protein in Sendai virus and HA proteins in
various influenza viruses) possess a stretch of about 20
hydrophobic amino acid segments at their amino termi-
nus which are considered to be relevant for the mem-
brane fusion reactions in virus-biological cell systems
[9-11]. It has been proposed that the degree of a-heli-
cal structure of the hydrophobic peptides is related to
membrane fusion [12,13].

Melittin, the principal toxic peptide of bee venom,
has hydrophobic segments somewhat similar to those
found in the HA2 terminal chains [14] of influenza
virus. Melittin is also capable of inducing membrane
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fusion [15-18), and lysing cells [19]. A number of
structural studies of melittin interacting with lipid
membranes have been done by NMR [20-23] and
other spectroscopic techniques (fluorescence, EPR and
EM, etc.) [24-29]. The secondary structure of melittin
1s well established. The recent studies with respect to
the adsorption state of melittin on lipid membranes
have concluded that, for fully hydrated lipid mem-
branes, the location of melittin is at membrane surface
regions [22,26-31]. New efforts have recently been
made to consider electrostatic effects resulting from
the melittin charge partitioned between membrane and
aqueous phases [32-35] with respect to interfacial sur-
face chemistry. Such studies would provide further
information to elucidate the state of molecular adsorp-
tion. However, no work has been done on melittin
adsorption on lipid membranes by either measuring the
electrophoretic mobility of lipid vesicles or by measur-
ing the penetration of melittin by monolayer studies.
Also, the effect of melittin interaction with membranes
on membrane leakage, aggregation and fusion has not
been examined systematically. Lipid membrane fusion
induced by melittin has been studied using internal
content mixing fluorescence assay [15], membrane mix-
ing assay using spin-labelled lipid [17], and electron
microscopy [18]. In our fusion study, we used a fluores-
cence fusion assay using a membrane molecule-bound
fluorophore, pyrene-PC [36]. This assay would not be
affected by the external environmental changes and
would have the least interference from the effects of
membrane fusion and other artifacts. In order to un-
derstand the interacting of melittin with membranes
and its functional role associated with membranes, we
carried out a systematic study of melittin—lipid mem-
brane interaction (adsorption onto membranes, mem-
brane leakage, fusion, and micellization) with respect
to melittin concentration.

2. Materials and methods

Phospholipids (egg-phosphatidylcholine (PC) and
bovine brain phosphatidylserine (PS)) were purchased
from Avanti Polar Lipids (Birmingham, AL). Melittin
was obtained from ICN Biochemicals (Cleveland, OH)
and used without further purification. Our HPLC anal-
ysis showed no noticeable impurities in melittin on a
C,s uBondapak column (Reverse phase). The assay of
the lipids for lysolipid formation, over the longest time
of experiments and at the greatest ratio of melittin/
lipid used for vesicle fusion in the present study, did
not indicate detectable amounts of lysolipid within our
experimental resolution (Table 1). In order to suppress
the effect of the small quantities of phospholipase A,
as impurity, all experiments were done in a solution
containing 4 mM EDTA. It has been demonstrated

Table 1

Assay of lysophospholipids produced from egg-phosphatidylcholine
in the presence of melittin in lipid suspension solution under various
conditions at 24°C

Sample Ratio EDTA 2h 24 h

(mol /mol)
Melittin/PC ~ 1:100 0mM  ND (%yield) ND
Melittin/PC  1:100 4mM ND ND
Melittin/PC  1:10 0mM ND 0.8+0.4%
Melittin/PC  1:10 4mM ND ND

An apropriate amount of melittin was applied to each lipid (egg
phosphatidylcholine) vesicle suspension (1 mM/ml). After leaving
the samples for the designated amounts of time at room temperature
(24°C), each suspension solution was completely dried and the dried
lipid was dissolved in chloroform /methanol (2:1) of 0.5 ml. Then, 50
ul of each lipid solution was applied on the TLC plate and it was
developed on the plate with chloroform /methanol /acetic acid /water
(25:15:4:2). Corresponding spots to lyso-PC and PC were collected
and dissolved in chloroform/methanol (2:1) solution of 0.5 ml and
centrifuged to separate solid materials from the lipid solution. The
supernatants were collected and a same aliquot of each supernatant
was used for phosphate analysis [40]. The mol ratio of lyso-PC to the
total PC (lyso-PC and PC) was obtained which was converted to the
quantity in percent of lyso-PC in the total PC. ND, not detectable.

that at this level of EDTA, the effect of phospholipase
A, on lipids is virtually negligable [23]. 6-Carbo-
xyfluorescein (CF) and 3-palmitoyl-2-(1-pyrene-
decanoyl)-1-a-phosphatidylcholine (Pyr-PC) were pur-
chased from Eastman Kodak (Rochester, NY) and
Molecular Probes (Eugene, OR), respectively. 6-
Carboxyfluorescein (CF) was repurified by chromatog-
raphy on Sephadex LH-20 according to the published
method [37]. All other chemicals used were of reagent
grade from Baker. Water used was triply distilled in all
glass apparatus, including an alkaline KMnQ, process.

2.1. Phospholipid vesicle preparation

Small unilamellar phospholipid vesicles composed of
either PC or PS, were prepared in 0.1 M NaCl/5 mM
Hepes /4.0 mM EDTA (pH 7.4) solution by sonication
[38]. The lipid concentration of the stock vesicle solu-
tion was approx. 1.5 mM phospholipid in the above
mentioned buffer solution. Fluorescence probe (Pyr-
PC) labelled lipid vesicles were also made by the same
sonication method after mixing PC or PS and 10%
(w/w) of Pyr-PC. The average sizes of such unilamelilar
vesicles were about 400 A in diameter as determined
with a photon-correlation spectrometer (Coulter N4),
Small unilamellar PS or PC vesicles encapsulated with
CF were also prepared by the same sonication method
in a solution of 80 mM CF/10 mM Hepes/4 mM
EDTA (pH 7.4). Unencapsulated CF in the vesicle
suspension solution was removed by gel-filtration on a
Sephadex G-75 column.
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Large unilamellar lipid vesicles were prepared by
the modified reverse phase-evaporation method [39].
After large vesicles of various size distribution were
formed, the vesicle suspensions were passed through a
nuclear pore (pore size 0.1 wm) membrane filter twice
and only the filtered vesicles were collected. The aver-
age size of the filtered vesicles was 0.9 + 0.1 wm in
diameter as determined with the photon-correlation
spectrometer.

2.2. Electrophoretic mobility measurements

Electrophoretic mobility of lipid vesicles was mea-
sured with a microelectrophoresis apparatus (Malvern
Zeta-sizer 11 X4 C, Worchester, UK). The stock lipid
vesicles of large unilamellag PC and PS vesicles with an
average diameter of 900 A, were prepared in 0.1 M
NaCl/4.0 mM EDTA/5 mM Hepes (pH 7.4) (lipid
concentration 2 mM). A small amount of the stock
vesicle solution was suspended in the same NaCl buffer
solution at a lipid concentration of 0.1 mM. The con-
centration of phospholipids was determined by phos-
phate analysis [40]. Then, a certain amount of melittin
was added to this lipid suspension solution to give a
known concentration ratio of melittin to lipid (1:1000
to 1:1).

2.3. Release of CF from lipid vesicles

Release of CF from lipid vesicles into the vesicle
suspension medium in the presence of melittin at dif-
ferent concentrations, was monitored with respect to
time by measuring the relief of self-quenching of CF
encapsulated in the vesicles. CF fluorescence excited at
a 490 nm wave length was detected at a wave length of
520 nm by a fluorometer (Perkin-Elmer LS-5). The
lipid concentration of vesicle suspensions used in the
experiment was approx. 0.02 mM.

2.4. Lipid vesicle fusion

One part of the fluorophore (Pyr-PC) incorporated
lipid vesicles (PC or PS vesicles) and four parts of PC
or PS vesicles without the fluorophores were sus-
pended in NaCl buffer solutions (various concentra-
tions of NaCl containing 5 mM Hepes and 4.0 mM
EDTA (pH 7.4)). The total lipid concentrations were
approx. 0.02 mM for all fusion experiments. For the
PC-pyrene fluorescence fusion assay the fluorophore,
Pyr-PC, was excited at 340 nm and the fluorescence
emission spectra were recorded in the range of wave
length 350 nm—-500 nm, and fluorescence intensities at
376 nm (monomer’s emission maximum M) and 460
nm (excimer’s emission maximum FE) were recorded.
According to the method of Amselem et al. [36], the
dilution factor, D, of the fluorophore or the extent of

vesicle fusion is expressed by
Dp—-1=((E/M)o_(E/M)m)/(E/M)m (1)

where (E/M), and (E/M),, are the ratios of excimer
to monomer intensities without melittin and with melit-
tin, respectively. From Eq. (1), we have

D= (E/M)o/(E/M)m=((E/M)n/(E/M);)""
(2)

The probe dilution, D,, is also expressed as (L* +
L)/L*, where L* and L are the total lipids of the
fluorescence labelled vesicles and the lipids of unla-
belled vesicles fused to labelled vesicles, respectively.
Since large vesicles (diameter greater than 700 A) are
less fusable, binary fusion of vesicles would dominate
for the vesicle fusion events. Therefore, the meaningful
value of the probe dilution for vesicle fusion would be
in the range of 1 to 2 or at most 3.

2.5. Determination of vesicle size

Lipid vesicles of either PC or PS were suspended at
the lipid concentration of 1.0 mM in 100 mM NaCl/5
mM Hepes /4.0 mM EDTA (pH 7.4) and then various
amounts of melittin were added to the vesicle suspen-
sion to obtain various ratios of melittin to lipid
(1:1000-1.0). The average diameter of the lipid vesicles
was measured with a photon correlation spectrometer
(Coulter N-4). Changes in melittin concentration in the
vesicle suspension were made at a time interval of
about 10 min. Within this time, the change in vesicle
size reached a steady value. The data of vesicle size
measurements were taken after such a steady state was
achieved for each melittin concentration.

2.6. Surface tension measurements

Phospholipid monolayers (PC or PS) were prepared
by placing an aliquot of the lipid spreading solution
(approx. 1 mM lipid in hexane) by means of a microsy-
ringe (Hamilton) on an aqueous surface of constant
area (about 64 cm? in a glass dish). The surface tension
was measured after complete evaporation of solvent.
The lipid was placed so that the surface tension was
the same (20 dynes/cm) for each monolayer. Subphase
solution was the 0.1 M NaCl /5.0 mM hepes/4.0 mM
EDTA (pH 7.4). The surface tension of the monolayer
was measured with an electronic balance (Beckman,
L.M500), using a microscopic cover glass (18 X 18 x 0.2
mm) as a Wilhelmy plate (accuracy of 0.1 dynes/cm).
Then, a certain amount of melittin was injected into
the subphase solution and the solution was stirred well
with a magnetic stirrer so that a homogeneous concen-
tration of melittin was attained. The detailed descrip-
tion of the method is given elsewhere [41]. The surface
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pressure was obtained from the following relationship
of the surface tension and pressure [42]:

T=Y "7
where 7 is the surface pressure, v, the surface tension

of water and y the surface tension of the monolayer.
All experiments were done at 24 + 1°C.

3. Results

In order to examine the nature of adsorption of
melittin onto lipid membranes, in the first series of
experiments, lipid vesicle electrophoretic mobilities
were measured for both PC and PS large unilamellar
vesicles in the presence of various amounts of melittin.
The results of vesicle electrophoretic mobility measure-
ments indicated that melittin was readily adsorbed
onto the lipid membrane surface which made the mem-
brane surface charge more positive. The change in
electrophoretic mobility was greater for the PS vesicle
than for the PC vesicle. This indicates that more melit-
tin was adsorbed onto the PS membrane than the PC
membrane. This is confirmed by calculation (see Dis-
cussion). At zero concentration of melittin in the PC
vesicle suspension solution, the PC vesicle mobility was
virtually zero. At a ratio of melittin to lipid of 1:1000,
there was a noticeable change (0.05 um V="' cm s~ 1) in
vesicle mobility (see Fig. 1(a)): the vesicle surface has a
positive {-potential of about 0.7 mV. The vesicle elec-
trophoretic mobility increased as the melittin/lipid
ratio increased. At the ratio of 1:100, the vesicle mobil-
ity was found to be 0.3 um V~! cm s~!. At a ratio of
1:10, the mobility increased to 1.3 um V™! cms™!, and
the {-potential corresponding to this mobility was +
182 mV. For the PS vesicles, the vesicle elec-
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Fig. 1. Electrophoretic mobility of large unilamellar lipid (PC,PS)
vesicles suspended in 0.1 M NaCl buffer, 5 mM Hepes /4 mM EDTA
(pH 7.4) as a function of melittin concentration. The lipid concentra-
tion of the suspension solution was 0.1 mM. (a) O, PC vesicles; (b) ®,
PS vesicles.
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Fig. 2. Typical time-courses of 6-carboxyfluorescein (CF) released
from small unilamellar phosphatidylcholine (PC) vesicles in the pres-
ence of melittin at a ratio of melittin to lipid of 1:400. (a) 0.1 M
NaCl/5 mM Hepes/4 mM EDTA (pH 7.2), (b) no melittin present
but 0.1 M NaCl/5 mM Hepes/4 mM EDTA containing phospholi-
pase A, the amount of which corresponds to the upper limit (5
units/mg melittin) allegedly contained in the melittin sample at a
ratio of melittin/lipid of 1:250. The total lipid concentration was
0.02 mM.

trophoretic mobility was —4.4 um V™! cm s™! in 0.1

M NaCl at pH 7.4 without melittin, which corre-
sponded to the {-potential —61.6 mV. The increase in
melittin concentration reduced the vesicle mobility (see
Fig. 1(b)). At the ratio of 1:100, the vesicle mobility was
3.6 um V™! cms™! and at 1:10, the mobility was — 1.8
um V™! cm s~ L The latter corresponds to {-potential
of —25 mV. At a ratio of melittin to lipid of 1:2, the
{-potential changed its sign from negative to positive:
i.e., at this concentration of melittin, the positive
charges of the adsorbed melittin exceeded the intrinsic
negative charges of the phosphatidylserine membrane
surface.

In the second series of experiments, the membrane
leakage caused by the melittin interaction with the
membrane was examined for a fluorophore (6-carbo-
xyfluorescein) encapsulated lipid vesicles. Typical time
courses for the release of 6-carboxyfluorescein (CF)
from small unilamellar lipid vesicles induced by an
addition of melittin of a given concentration
(melittin /lipid = 1:400 for PC, 1:50 for PS) are shown
in Fig. 2 for PC vesicles and in Fig. 3 for PS vesicles.
After the addition of melittin to the vesicle suspension,
the release of CF reached a steady value in 10-15 min.
For the PS vesicle, a greater amount (7-8-fold) of
melittin was needed to induce the same amount of CF
release as obtained for PC vesicles (see Fig. 4).

In order to examine the possible effect of phospholi-
pase A, on the observed release of CF from the lipid
vesicles, the following control experiments were per-
formed: the maximum amount of phospholipase A,
which may be contained as a contaminant in the melit-
tin sample (5 units/mg melittin) was introduced into a
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Fig. 3. Similar experiments as those shown in Fig. 2, except for use of
the PS vesicles instead of PC, and melittin /lipid ratio of 1:50. (a) 0.1
M NaCl/5 mM Hepes/4 mM EDTA (pH 7.2), (b) no melittin
present but phospholipase A, in 0.1 M NaCl/5 mM Hepes/4 mM
EDTA (pH 7.2), the amount of which was allegedly contained in the
melittin sample at the ratio of melittin /lipid of 1:10.

lipid vesicle suspension without melittin and its effect
on membrane leakage was examined. In the presence
of phospholipase A, the amount of which corresponds
to the melittin /lipid ratio of 1:250, there was no appre-
ciable effect of phospholipase A, on the CF release in
either case of no EDTA or 4.0 mM EDTA presence in
the suspension solution. However, for the presence of
phospholipase A, corresponding to the ratio of melit-
tin /lipid of 1:10, some (approximately a few % of the
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Fig. 4. Melittin-induced CF released from small unilamellar lipid
vesicles in 0.1 M NaCl/5 mM Hepes/4 mM EDTA (pH 7.2) at
various melittin concentrations. The melittin concentration is ex-
pressed as the ratio of melittin to lipid. 80 mM CF encapsulated in
lipid vesicles excited at 490 nm was self-quenched. When CF was
released to the environmental solution, the fluorescence of CF was
observed at 520 nm. A certain concentration of melittin was added to
the 0.1 M NaCl buffer solution and the release of CF was monitored
as time. The data above was taken at 10 min. after melittin was
added. 100% release corresponded to the situation where 0.05% of
Triton X-100 was added to vesicle suspension solution and the
vesicles were supposed to be all lysed. O, PC vesicles in 0.1 M
NaCl/5 mM Hepes/4 mM EDTA (pH 7.4); ®, PS vesicles in 0.1 M
NaCl/5 mM Hepes/4.0 mM EDTA (pH 7.4).

effect for the case of melittin application at
melittin /lipid 1:10) extent of CF release was observed
in the solution without EDTA. However, this was not
observed when the suspension solution contained 4.0
mM EDTA. The presence of EDTA in the solution
may have inactivated the enzyme activity of phospholi-
pase A,. Therefore, all solutions containing 4.0 mM
EDTA used in the experiments clearly did not give any
effect from phospholipase A ,.

The release of CF depended upon the concentration
of melittin (expressed as a ratio of melittin to phospho-
lipid molecules) in the vesicle suspension, which is
shown in Fig. 4 for both PC and PS vesicles. The values
in Fig. 4 are those measured at 10 min after melittin
addition. A small extent of leakage from lipid vesicles
started at the melittin/lipid ratio of as low as 1:2000
for PC vesicles and 1:500 for PS vesicles suspended in
0.1 M NaCl buffer solution at pH 7.4. An appreciable
release of CF was observed at the melittin /lipid con-
centration ratio of 1:400 for PC and 1:60 for PS. At all
ranges of melittin concentration, the PC vesicle is more
susceptible to membrane leakage than the PS vesicle.

In the third series of experiments, the effect of
melittin on lipid vesicle fusion was studied. One part of
small unilamellar lipid vesicles of PC or PS containing
10% (M /M) of Pyr-PC, and four parts of small lipid
vesicles made of PC or PS were suspended in various
NaCl concentration solutions. The dilution of the fluo-
resence probes incorporated in lipid vesicles into unla-
belled lipid vesicles due to fusion was observed by
measuring the ratio of excimer (E: measured at 460
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Fig. 5. Fusion of small unilamellar PC vesicles with small unilamellar
PC vesicles incorporated with Pyr-PC is plotted with melittin concen-
tration in the vesicle suspension. Melittin concentration is given by
the ratio of melittin /lipid. Total lipid concentration = 0.02 mM. The
ratio (E /M) of the Pyrene excimer (460 nm) to monomer (376 nm)
fluorescence is plotted on the oridinate. A decrease in this quantity
indicates a dilution of the fluorescence probe and therefore is
related to an extent of vesicle fusion The fluorescence was measured
10 min after the addition of melittin at different amounts. All vesicle
suspensions contained 5 mM Hepes and 4.0 mM EDTA (pH 7.4). o,
0.1 M NaCl, X, 0.5 M NaCl; e, 2.0 M NaCl. Normalized E/M =
(E/M),, /(E/M),.

Normalized E/M
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Fig. 6. Similar experimental results as in Fig. 5, except for using PS
vesicles. 0, 0.1 M NaCl; x, 0.5 M NaCl.

nm) to monomer (M: at 376 nm) fluorescence, when
the fluorophore was excited at 340 nm. Further details
are described in a published paper [36]. This ratio
(E /M) which corresponded to dilution of the probes
or the extent of vesicle fusion were obtained as a
function of the ratio of melittin /lipid molecules. Figs.
5 and 6 show such experimental results for PC and PS
vesicles, respectively. The fusion is expressed as the
diluiton factor, D,, of the fluorophore (Fig. 7). As
mentioned earlier, the probe dilution factor up to 2 is
relevant for vesicle fusion events in this system. As
seen in these figures, the fusion of PC vesicles in 0.1 M
NaCl buffer started and developed gradually at a
melittin /lipid ratio of 1:200. The rate of fusion in-
creased rapidly in the range of the melittin /lipid ratios
of 1:100-1:50 (Fig. 5). Fusion of PS vesicles started at
much higher melittin concentration as a large reduc-
tion of E/M was observed in the range of the ratios of
1:20-1:10 (see Fig. 6). Ionic strength did not apprecia-
bly affect the melittin-induced vesicle fusion in the
range of 0-2.0 M NaCl.

In order to have further insight into the above
observed vesicle fusion induced by melittin, the size of
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Fig. 7. The plot of the probe dilution factor, D,, with respect to

melittin concentration. The data of E /M were taken from those in
Figs. 5 and 6. O, PC; o, PS.
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Fig. 8. Hydrodynamic radius of small unilamellar PC vesicles in 0.1
M NaCl/5 mM Hepes/4 mM EDTA (pH 7.4) as a function of
melittin concentration. The lipid concentration was 1.0 mM and the
melittin concentration is expressed as the ratio of melittin /lipid. O,
PC; o, PS.

vesicle was measured as a function of melittin concen-
tration using a photon-correlation spectrometer in the
fourth series of experiments. The results of the size of
PC vesicles with various amounts of melittin in 0.1 M
NaCl are shown in Fig. 8. As the melittin/lipid ratios
increased from 1:800 to 1:500 in 0.1 M NaCl, a small
increase in vesicle size or vesicle aggregates was ob-
served. Further increase in melittin concentration in-
duced a further increase in an average size of lipid
particles probably due to lipid vesicle fusion as well as
vesicle aggregation. However, the addition of melittin
of more than 1:10 ratio induced a sudden and dramatic
decrease in the size of the particles. These observa-
tions are similar to those reported earlier [18]. Beyond
a certain concentration of melittin (e.g., a ratio of
melittin /lipid greater than 1:5 for the PC vesicles in
0.1 M NaCl), lipid vesicles appeared to form micellar
configurations because the average diameter of the
particles measured was about 50-60 A. From these
measurements, it was learned that the significant re-
duction of the excimer to the monomer ratio observed
in the range of melittin /lipid ratio less than 1:10 in the
vesicle fusion experiments (see Figs. 6 and 7) was not
due to the dilution of the fluorescence molecules among
lipid vesicles resulting from vesicle fusion, but it was
probably due to the micelle formation of melittin /lipid
molecules. Similar experimental results for the PS vesi-
cles are shown in Fig. 8.

Two obvious different observations for the size
changes of PC and PS vesicles due to melittin interac-
tion were: (1) the melittin concentration at which the
average size of vesicles was muximum, was lower for
the case of PC vesicles than for the PS vesicles. These
results are similar to those obtained from both vesicle
membrane leakage as well as vesicle fusion experi-
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Fig. 9. Surface pressure increase in lipid monolayers formed on 0.1
M NaCl/5 mM Hepes/4 mM EDTA (pH 7.4) with respect to
melittin concentration in the subphase solution. The initial film
pressure of the monolayer was 20 dynes/cm for all monolayers. O,
PC; o, PS.

ments. (2) The maximum average size of the fused
and /or aggregated PS vesicles induced by melittin was
about ten times greater than that of the PC vesicles.
Similar results were obtained for vesicle aggregation by
measuring turbidity of vesicle suspension with respect
to melittin concentration (data not shown).

In order to elucidate other aspects of melittin ad-
sorption onto lipid membranes, a study of the surface
pressure of lipid monolayer was done as a function of
concentration of melittin in the subphase solution. As
the concentration of melittin increased, the surface
pressure of the monolayer increased, which can be
interpreted as the result of melittin penetration into
the monolayer phase. An electrostatic adsorption does
not contribute appreciably to the change in surface
tension [43]. It was found that the monolayer pressure
increase for the PC monolayer was greater than that
for the PS monolayer at all melittin concentrations,
where the initial pressures of monolayers (without
melittin in the subphase) were maintained at 20
dynes/cm for all monolayers. Experimental results are
shown in Fig. 9 with respect to the increase in surface
pressure A7 at a certain melittin concentration:

A7 = w(melittin) — 7 (no melittin)

Although the melittin concentrations in this system
and vesicle fusion system are expressed in different
ways, a rough correspondence in concentration is given
in the figure. At the melittin concentration correspond-
ing to the melittin/lipid ratio of 1:200, melittin in-
creased the PC monolayer pressure considerably but
not for the PS monolayer.

4. Discussion

All experimental results described above enable us
to draw some conclusions on the interaction mode of
melittin with lipid membranes.

(1) For the PC membrane in 100 mM NaCl solution,
it indicates that at very low concentration of melittin
(molar ratio of melittin /lipid less than 1:2000), melittin
molecules are adsorbed onto the surface of the mem-
brane. The measurements of vesicle electrophoretic
mobility and membrane leakage experiments indicate
this possibility. From the electrophoretic mobility data
and the Egs. (A-1), (A-2) and (A-3) in the Appendix,
the surface charge density of the PC membrane at a
melittin /lipid ratio of 1:1000, is calculateod to be about
3 positive electronic charges/100000 A?. Since the
concentration of melittin ions (less than uM) is so
small compared to other ions (100 mM Na™* and Cl7)
in the vesicle suspension solution, the contribution of
melittin to the total ionic strength is neglected in the
above calculation. By assuming a net five positive
charges per melittin molecule and the area per melittin
molecule adsorbed onto the membrane to be 150 AZ
[35], and by using the surface charge density calculated,
the adsorption of melittin (e.g., how many lipids per
melittin) on the PC membrane at this melittin concen-
tration is calculated to be one melittin per about 2500
lipids by use of the following equation:

ZoXn
T4 X, tA_X,

where o is the surface charge density,OAL and A4, the
average areas per PC molecule (68 A?) and melittin
(150 A?) adsorbed on the PC membrane, respectively,
and Z_, is the effective charge number, 5, per melittin
molecule adsorbed. X is the mol fraction of lipid or
melittin in the membrane.

(2) The leakage of internal contents of even a rela-
tively large molecule like CF occurred at melittin /lipid
ratios of less than 1:2000 for PC vesicles. Vesicle fusion
started to occur at about the ratio of 1:200. The great-
est increase in the extent of fusion occurred at the
ration of 1:100-1:50. At the melittin/lipid ratio of
1:100, the surface charge odensity was about 1.0 positive
electronic charge /4200 A? which corresponds to one
melittin molecule per 300 lipid molecules. At a ratio of
1:20, the surface char%e density increased to 1.0 elec-
tronic charge/1300 A? which corresponds to one
melittin molecule per about 100 lipids. By assuming
that melittin molecules are adsorbed on the outer side
of lipid vesicle membrane only, these values corre-
spond to about 1:10 of melittin applied to the bulk
solution to be adsorbed onto the lipid membrane. An
increase in melittin concentration more than the ratio
of 1:10, seemed to produce micelles of melittin and
lipid complexes.

a
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(3) For the PS membrane, the analysis is similar to
the PC, except for taking into account the effect of
Na™* binding to the lipid molecule. For the PS mem-
brane, the surface charge density is expressed by

Z X, +Z, X,
‘A X +A4,X,

o=
where Z,, is the effective charge of a PS molecule of
the membrane, which is —0.37¢ per lipid (due to the
binding of Na*) in 0.1 M NaCl [38]. X, is the fraction
of the PS molecules in the melittin adsorbed PS mem-
brane, X + X,, = 1. Other parameters, 4, X, Z_,
A, are the same as for the PC case.

For the PS case, it is deduced that almost all melit-
tin molecules are adsorbed onto the lipid membranes,
leaving little melittin in the bulk solution. This agrees
with the observation made for another acidic lipid-
melittin system [35]. This means that the phos-
phatidylserine membrane adsorbs melittin about 10-
times more than the PC membrane. One of the main
reasons for this may be due to the strong electrostatic
attraction between melittin and the phosphatidylserine
membrane.

Other authors {33,34] have used an effective charge
number of 2 for a melittin molecule instead of 5 or 6 in
order to analyze their experimental results wtih use of
the Gouy-Chapman theory. When bulky molecules hav-
ing multiple charge distribution are in an electrolyte
solution, it is necessary to assign an effective charge
number for such a molecule to make a point charge
approximation for use of the Gouy-Chapman theory
[44] However, once these ions are adsorbed on the
membrane surface facing an aqueous solution, it may
be reasonable to assume that the full charges of the
adsorbed molecules contribute to the charge density of
the adsorbed surface. This is supported by the direct
evidences of the pK, values, as measurements of amino
acid chains of membrane-bound melittin [22] and the
surface charge effects induced by PS in mixed bilayer
with PC with respect to melittin bound [45].

The increase in vesicle size occurred with the in-
crease in the amounts of melittin adsorbed onto the
membrane surfaces (Figs. 1 and 7). As the amount of
adsorbed melittin is increased (Fig. 1), the extent of
vesicle fusion (Figs. 5 and 6) increased. There appears
to be some vesicle aggregation due to melittin interac-
tion with membranes in these stages but there must
also be vesicle fusion judging from the results obtained
by the fluorescence fusion assay (Figs. 5, 6, and 7). It
should be noted that the probe dilution between 1-2
may be significant for vesicle fusion because the first
binary fusion events may be predominant in this vesicle
fusion system as described earlier. For all experimental
results of membrane leakage, vesicle fusion and micel-
lization, the common and clear feature was that the PC

vesicle was more susceptible to the melittin effect than
the PS vesicle; the concentration of melittin necessary
to produce the same effect on the above membrane
properties was several times higher for the PS mem-
brane than the PC, in spite of the amount of melittin
adsorbed being about ten times more for the PS mem-
brane than the PC membrane.

(4) It has been shown that melittin molecule is
adsorbed at the surface region for fully hydrated lipid
membranes [22,28-31] rather than spans through the
membrane. The latter occurs for dry oriented lipid
membranes [26,31] or lipid membranes under applica-
tion of transmembrane potential [46-49]. Our experi-
mental results suggest that the interaction modes of
melittin with the neutrally charged and negatively
charged membranes may be different. The melittin
molecule has three positively charged regions; amino-
terminal, the peptide positions 7, and 21-24. There-
fore, when melittin interacts with a negatively charged
membrane surface, it may be adsorbed parallel to the
membrane surface where these three positions of the
melittin molecule bind to the negatively charged sites
on the membrane surface. This will result in the hy-
drophobic portion of melittin having more difficulty
associating with the hydrophobic portion of the mem-
brane. While, when interacting with a neutrally charged
membrane surface, it may not bind with the membrane
electrostatically but be adsorbed in hydrophobic inter-
action. This will leave the bulky hydrophilic portions of
the molecule at the membrane surface (peptide posi-
tions above 20) and the other portion may penetrate
into the membrane hydrocarbon phase in competition
with the charged portion of the molecule at position 7.
This scheme is similar to those proposed by others
[22,28,31]. This may be the reason why the PC mem-
brane is more susceptible to the melittin effect (mem-
brane leakage, vesicle fusion and micellization) than
the PS membrane, in spite of lower adsorption of
melittin on the PC membrane surface than the PS
membrane. This interpretation is also supported by the
monolayer pressure measurements upon melittin inter-
action with lipid monolayers (Fig. 9).

From these results, it can be predicted that at a
certain concentration of melittin (e.g., the ratio of
melittin to lipid of 1:100), the increase in the mole
fraction of PS molecules in the PC membrane should
reduce the effect of melittin on membrane leakage and
fusion. Besides less penetration of melittin molecules
into the PS membrane, another factor contributing to
low suceptibility for membrane leakage and fusion of
the PS membrane, may be the electrostatic repulsive
forces exerted onto two interacting PS membranes due
to their intrinsic negative charges. However, when suf-
ficient melittin molecules are adsorbed onto the PS
vesicle membrane reducing the negative charges on
surface, hydrophobic forces due to adsorbed melittin
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would bring two interacting PS vesicles closer than
those for the PC vesicles. These may be the reasons
why, once the amount of adsobed melittin exceed a
certain threshold value, the extent of the size increase
of the PS vesicles is much greater and drastic than that
of the PC vesicles. Once two vesicles interact closely
with each other through adsorbed melittin molecules,
two membranes might be bridged by means of a hy-
drophobic portion of the melittin molecule and result
in fusion. In such a situation, the degree of penetration
of hydrophobic peptide into the membrane phase seems
to correlate with the degree of fusion.

Membrane disruption at high melittin concentra-
tions may be caused by the membrane instability due to
asymmetric adsorption of melittin molecules on one
side of the membrane. At the ratio of melittin to lipid
greater than 1:10, micellization occurs for the PC mem-
brane. At this concentration of melittin, melittin is
adsorbed to the membrane at the ratio of 1 melittin to
50-60 lipids. Both steric and electrical free energy
differences on both sides of the membrane could in-
duce the disruption of membranes. The membrane
instability may also be caused by a large amount of
melittin penetrated into the lipid phase which may
cause membrane leakage, thus weakening membrane
stability.

Appendix

The surface potential (0) and the surface charge
density o of a membrane surface facing an electrolyte
solution are expressed by the following equation:

—eZW(0 vz
a=%(§:ci(°°)[exp(—€k'—T(—l) - 1]) (A-1)

where the surface charoge density o is expressed in an
electronic charge per A% C(«) the molecular concen-
tration of the i-th ionic species in the bulk phase; Z;
the valency of the i-th ion, & the Boltzmann’s constant
and T=297 K. The surface potential of the Gouy
Chapman diffused layer in an uni-uni valent electrolyte
neglecting the contribution of the melittin ions due to
its low concentration compared with other ions is ex-
pressed as:

2kT
e

¥(x) = (A-2)

1+ a exp(—«x)
1 —aexp(—«x)

where

exp (ey(0)/2kT) — 1
" exp (ew(0)/2kT) + 1

and « is the Debye constant.

The ¢ potential is calculated from the measured
value of vesicle electrophoretic mobility, u, by the
Helmbholtz-Smoluchowski equation:

u=cee,f/n (A-3)

where 7 is the viscosity of the aqueous solution and
e and €, are the permittivities of the aqueous medium
and free space (vacuum), respectively. With use of Egs.
(A-1) and (A-2) and the {-potential obtained from the
measured vesicle electrophoretic mobility using Eq.
(A-3), the surface potential ¢(0) and the surface charge
density o can be calculated by ghoosing the plane of
sheer relation to the ¢ to be 2.0 A from the membrane
surface.
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