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ABSTRACT Morphological changes of DMPC, DLPC, and DPPC bilayers containing melittin (lecithin/melittin molar ratio of
10:1) around the gel-to-liquid crystalline phase transition temperatures (Tc) were examined by a variety of biophysical methods.
First, giant vesicles with the diameters of ~20 um were observed by optical microscopy for melittin-DMPC bilayers at 27.9°C.
When the temperature was lowered to 24.9°C (Tc = 23°C for the neat DMPC bilayers), the surface of vesicles became blurred
and dynamic pore formation was visible in the microscopic picture taken at different exposure times. Phase separation and
association of melittin molecules in the bilayers were further detected by fluorescent microscopy and mass spectrometry,
respectively. These vesicles disappeared completely at 22.9°C. It was thus found that the melittin-lecithin bilayers reversibly
undergo their fusion and disruption near the respective Tcs. The fluctuation of lipids is, therefore, responsible for the membrane
fusion above the Tc, and the association of melittin molecules causes membrane fragmentation below the Tc. Subsequent
magnetic alignments were observed by solid-state *'P NMR spectra for the melittin-lecithin vesicles at a temperature above the
respective Tcs. On the other hand, additional large amplitude motion induced by melittin at a temperature near the Tc breaks

down the magnetic alignment.

INTRODUCTION

Melittin is a hexacosapeptide with a primary structure of Gly
Ile-Gly-Ala-Val-Leu-Lys-Val-Leu-Thr-Thr-Gly-Leu-Pro-Ala-
Leu-Ile-Ser-Trp-Tle-Lys-Arg-Lys-Arg-GIn-GIn-NH, and is a
main component of a honeybee venom, Apis mellifera (1).
Melittin has a powerful hemolytic activity (2) in addition to
voltage-dependent ion conductance across planar lipid bilayer
(3,4) and selective micellization of bilayers as well as mem-
brane fusion (5-8). At a moderately high concentration,
melittin is known to cause the breakdown of lipid bilayers into
micelles in a similar manner to solubilization by detergent
below the gel-to-liquid crystalline phase transition temperature
(Tc) and vesiculation from micelles above the Tc (6). The
phenomenon has been extensively studied by means of light
scattering, freeze-fracture electron microscopy, and nuclear
magnetic resonance spectroscopy to understand the action of
melittin on lipid bilayers (6,7,9-11). As the temperature is
lowered to the gel phase, the lipid bilayers break down into
small particles. Upon raising the temperature back above the
Tc, the small particles reform to unilamellar vesicles. This
phase-dependent lysis and fusion are readily observable by *'P
and “H NMR spectroscopy (7,11). Dufourc et al. proposed that
the bilayer discs surrounded by a belt of melittin molecules are
formed at a temperature below the Tc (9). The presence of
negatively charged lipids reduced the proportion of lysed
vesicles (12), although melittin binds strongly with negatively
charged lipids by the electrostatic effect (13).
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Melittin takes a disordered conformation (14,15) and
a-helical structure (16) in dilute aqueous and methanol solu-
tions as a monomer, respectively. In contrast, melittin forms
tetramer with an a-helical structure in high ionic strength and
pH in an aqueous solution (17). In crystalline states, a single
polypeptide chain of melittin consists of two a-helical rods,
residues 1-10 and 13-26, making a kink angle of ~120° and
forming a tetrameric complex as revealed by x-ray dif-
fraction studies of a 2 A resolution (18,19). In membrane
environments, melittin forms an «-helical structure when it
binds to dodecylphosphocholine micelles with the a-helical
axis parallel to the micelle-water interface (20). Transferred
nuclear Overhauser enhancement analysis indicated diver-
gent conformations for the region Arg®-GIn*® of melittin
bound to lipid bilayers (21).

The orientations of melittin in the lipid bilayers depend on
the conditions such as peptide/lipid ratio and degree of hy-
dration. At the low peptide/lipid ratio, the helical segments
are oriented parallel to the bilayer planes as studied by po-
larized attenuated total internal reflection-Fourier transform
infrared spectroscopy (PATIR-FTIR) in supported mem-
branes (22), accessibility measurements of spin-labeled
melittin by chromium oxalate (23), '>C NMR in the presence
of an aqueous shift reagent (24), and measurement of
hydrogen-deuterium exchange rate (25), which indicate that
the melittin lies on the membrane surface. An x-ray absolute-
scale refinement study for melittin of 1 mol % concentration
in the lipid deposited on curved substrates revealed that the
helical axis is aligned parallel to the bilayer plane at the depth
of the glycerol groups (26). At a peptide/lipid ratio >4 mol
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% in the lipid bilayers, melittin reorients into a transmem-
brane (26). The structure of melittin bound to a mechanically
oriented ditetradecylphosphatidylcholine (DTPC) membrane
has been examined to take a transmembrane «-helix (27). It
was revealed that the melittin (9 mol %) in the 86% hydrated
lipid bilayer vesicles consisting of dimyristoylphosphatidyl-
choline (DMPC), dilauroylphosphatidylcholine (DLPC), and
dipalmitoylphosphatidylcholine (DPPC) takes a pseudotrans-
membrane «-helical structure (28,29). The membrane-bound
melittin further turned out to be rotating rapidly about the axis
parallel to the bilayer normal as a result of lateral diffusion.
The interhelical angles of a transmembrane helix of melittin in
the hydrated vesicles were determined to be ~120° for DLPC
and DPPC bilayers. This angle increases to 140° in the hydrated
gel state of DTPC multilayers (30). This difference can be
attributed to the different lipid conditions. As to the degree of
hydration, an attenuated total reflection infrared study showed
that the a-helix of melittin is oriented parallel and perpendicular
to the bilayer surface in hydrated single planar and dry
phospholipids multilayers, respectively (31). Further study will
be required because the orientations of peptides in the lipid
bilayers are very important for understanding the action of
melittin on the membrane.

One of the interesting properties of lipid bilayers contain-
ing melittn is an ability of highly magnetic ordering in the
presence of a strong magnetic field (28,29,32) in contrast to
the partially magnetic ordering in pure and mixed phospho-
lipid bilayer systems (33-37). Actually, the long axis of the
elongated vesicle is aligned parallel to the applied magnetic
field as magnetically oriented vesicle systems (MOVS) arising
from the total diamagnetic susceptibility of phospholipids in
the whole vesicles. Therefore, MOVS can be conveniently
used to determine the structure and orientation of melittin
bound to the membrane (28,29). This is because the melittin
bound to the membrane is simultaneously aligned to the
applied magnetic field.

In this study, we demonstrate a more detailed morpho-
logical behavior of melittin-lecithin bilayers around the phase
transition temperature as revealed by optical microscopy, solid-
state >'P NMR, ion selective electrode and matrix-assisted
laser desorption ionization-time of flight-mass spectrometry
(MALDI-TOF MS) to gain insight into the molecular mech-
anism of lytic and fusion activity of melittin on a variety of
lecithin membranes. We found that melittin induced for-
mations of giant vesicles from DLPC, DMPC, and DPPC
bilayers with diameters of ~20 wm, which permits one to
examine their morphological behavior in real time by optical
microscope and solid-state *'P NMR observations.

MATERIALS AND METHODS
Sample preparation

Melittin was synthesized by a solid phase method with an Applied Bio-
systems (Foster City, CA) 431A peptide synthesizer. Synthesized peptides
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were purified using a Waters (Milford, MA) 600E high-performance liquid
chromatography system with a BONDASHERE C18 reversed phase column
(Waters); >95% purity was estimated from the chromatogram. A total of
50 mg of melittin and lecithin molecules (DLPC, DMPC, and DPPC) with
a melittin/lecithin molar ratio of 1:10 were dissolved in chloroform, and the
solvent was subsequently evaporated in vacuo followed by hydration with
900 wl of Tris buffer (20 mM Tris, 100 mM NaCl, and pH 7.5). A freeze-
and-thaw cycle was repeated 10 times, followed by centrifugation to con-
centrate the bilayers at 28°C. This process was repeated three times, and
finally the total volume was adjusted to 300 ul containing 50 mg of lecithin
and melittin. The lipid bilayers were placed in a glass sample tube and sealed
with glue to prevent dehydration during NMR measurements.

Cross-linking experiments

The melittin-DMPC bilayers were incubated at 15°C, 25°C, and 35°C with
a cross-linking reagent, bis(sulfosuccinimidyl)adipate (BS?) (400-fold molar
excess) in 15 mM sodium phosphate buffer, pH 7.5, containing 20 mM
NaCl. BS? was allowed to react with the amino groups of Lys residues in
melittin and subsequently allowed to link the melittin molecules within their
distances of 7 A. After 60 min, the reactions were quenched by adding 5 uL
of 100 mM ammonium bicarbonate. The products were analyzed by
MALDI-TOF MS spectrometry.

Solid-state NMR measurements

Static *'P NMR spectra using the 90° excitation pulse of 5 us and the recycle
time of 2 s were recorded on a Chemagnetics (Fort Collins, CO) CMX-400
Infinity NMR spectrometer at 161.98 MHz under high power proton
decoupling with the radio frequency pulse of 50 kHz. *'P chemical shifts
values were referred to 85% H3PO,4. NMR spectra were acquired after waiting
30 min at various temperatures to equilibrate the temperatures of the lipid
bilayers when the temperature was changed.

Optical microscopic measurements

Microscopic pictures were obtained using a Carl Zeiss (Jena, Germany)
Axiophot microscope equipped with differential interference optics.
Fluorescent microscopic pictures were recorded on an Olympus BXS50-
type equipped with a wideband-U excitation unit. Temperatures of bilayer
dispersions adjusted as described above were controlled in a temperature
range from 5° to 40°C using a temperature-controlled stage for the
microscope (TOKAI HIT, Shizuoka, Japan). A nitrogen gas stream was used
for a low temperature experiment to prevent vapor condensation. The
temperature of the sample was subsequently corrected by a Peltier-mode
cooling-heating apparatus (Japan High Tech, Fukuoka, Japan) and a probe-
clip press-seal incubation chamber. The lipid bilayer samples used for the
NMR measurements were diluted five times with Tris buffer, and 30 ul of
the samples were placed on a glass plate and covered by a thin cover glass.
The edge part of the cover glass was sealed with a clear nail polish to prevent
dehydration.

Measurements of potassium ion leaking

Potassium ion-selective and reference electrodes (Horiba, Kyoto, Japan) were
used to measure the leakage of potassium ions from the vesicle by adding
Triton X-100 as a detergent. Lipid bilayer dispersions (0.4 ml) were prepared
with buffer (20 mM Tris, 100 mM KCl, and pH 7.4) followed by adding 100
ml of Tris buffer containing 100 mM NaCl, and subsequently 1 ml of 5% w/v
Triton X-100 aqueous solution was added to the solution in drops to dissolve
the lipid bilayers while keeping temperatures at 40°C and 2°C.
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Measurements of MALDI-TOF MS spectra

MALDI-TOF MS spectra were recorded on an ultraflex TOF instrument
(Bruker Daltonics, Bremen, Germany) equipped with a nitrogen laser
operated at 337 nm. All MALDI-TOF results were obtained in the linear
positive mode using a-cyano-4-hydroxycinnamic acid (saturated solution in
50% acetonitrile with 0.1% trifluoroacetic acid) as a matrix. Analytes were
prepared by mixing 0.5 uL of the products of cross-linking experiments with
0.5 uL of the matrix solution on a MALDI plate and allowed to dry at room
temperature in a hood before inserting into the spectrometer. Mass spectra
were calibrated with angiotensin II (1046.54 Da), angiotensin I (1296.68
Da), substance P (1347.74 Da), bombesin (1619.82 Da), adrenocorticotropic
hormone (ACTH18-39) (2465.20 Da), and insulin (5733.54 Da). All mass
data are reported as average values.

RESULTS

Microscopic observation of morphological
changes in melittin-DMPC bilayer systems

Fig. 1 shows the microscopic pictures of melittin-DMPC
bilayers taken with the exposure time of 0.70 s. Giant
vesicles with diameters >20 um were observed after the

A

FIGURE 1 Microscopic pictures of the melittin-DMPC bilayer systems in
a lytic process taken at 27.9°C (A), 24.9°C (B), and 22.9°C (C) with the
exposure time of 0.70 s. The scale bar represents 50 pwm.
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melittin-DMPC dispersion was incubated at 27.9°C for 3 h
(Fig. 1 A). Vesicle fusion was clearly seen at the center
region of Fig. 1 A. When the temperature was lowered to
24.9°C, blurred surfaces of vesicles were seen (Fig. 1 B).
This temperature is ~2°C higher than the Tc of the neat
DMPC (Tc = 23°C). When the temperature was further
lowered to 22.9°C, the vesicles disappeared completely (Fig.
1 C). When the temperature was raised back to 27.9°C (Fig.
2 A), small spherical vesicles with the diameters of ~5 um
appeared after 30 min (Fig. 2 B) and fused into larger
vesicles with the diameters of ~20 um after 2 h taken with
the exposure time of 0.70 s (Fig. 2 C). Therefore, it is
obvious that lysis and fusion occurred reversibly near the Tc.

Since the presence of blurred contours of the vesicles
seems to be due to a dynamic change of their surface states,
the exposure time in taking the snapshots was shortened to
gain insight into an instantaneous image of the dynamical
change. Fig. 3 shows microscopic pictures of the melittin-
DMPC bilayer systems in a lytic process taken with the
exposure time of 0.05 s. It is noteworthy that a number of

A

FIGURE 2 Microscopic pictures of the melittin-DMPC bilayer systems at
the time of a fusion process of 5 min (A), 30 min (B), and 120 min (C) after
the temperature was raised to 27.9°C taken with the exposure time of 0.70 s.
The scale bar represents 50 pum.
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FIGURE 3 Microscopic pictures of the melittin-DMPC bilayer systems in
a lytic process taken at 27.9°C (A), 24.9°C (B), and 25.9°C (C) with the
exposure time of 0.05 s. The scale bar represents 50 wm.

pores were visible on the surface of the vesicles after the
temperature was lowered from 27.9° (Fig. 3 A) to 24.9°C
(Fig. 3 B). Static pored vesicles were further observed as the
rate of opening, and closing pores was decreased by raising
the temperature to 25.9°C (Fig. 3 C).

Fig. 4 shows the fluorescent microscopic picture of the
melittin-DMPC systems arising from Trp residue as an
intrinsic fluorescent probe. It is noticed that only vesicles are
illuminating at 27.9°C from melittin strongly bound to the
DMPC bilayers and homogeneously distributed in the
vesicles at a temperature above the Tc (Fig. 4 A). It appears
that the bilayers form multilamellar vesicles because the
center part of the vesicle illuminates more strongly than the
edge part does. In contrast, melittin seems to be distributed
rather heterogeneously in the vesicle at 24.9°C that is near
the Tc (Fig. 4 B)—the illuminated areas diffused to the
solution area—because the formed small particles were
dissolved into the solution. Nevertheless, the pores were
stable and melittin distributed back to the membranes in the
vesicles when the temperature is raised up to 25.9°C (Fig. 4
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FIGURE 4 Fluorescent microscopic pictures of the melittin-DMPC
bilayer systems at 27.9°C (A), 24.9°C (B), and 25.9°C (C). Fluorescence
of Trp residue was observed. The scale bar represents 50 um.

C). These results indicate that melittin is distributed homo-
geneously in the membrane at a temperature above the Tc,
whereas heterogeneously distributing or phase separation
occurs near the Tc. Such heterogeneous distribution might
be related to the formation of pores, and consequently the
fragmentation can be completed at a temperature below
the Tc.

Magnetic alignment of DMPC bilayers containing
melittin revealed by *'P NMR

Fig. 5 shows the >'P NMR spectra of the melittin-DMPC
bilayers hydrated with Tris buffer recorded at various tem-
peratures. Immediately after the sample was placed in the
magnetic field, the *'P NMR spectrum of an axially sym-
metric powder pattern characteristic of the liquid crystalline
phase was initially recorded at 40°C (Fig. 5, left top trace).
The chemical shift values for the perpendicular (6,) and
parallel (5,) components are summarized in Table 1. It is
noticed, however, that the upper field edge (perpendicular
component) is more intense than the lower field edge
(parallel component) as compared with a normally axially

Biophysical Journal 89(5) 3214-3222
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2

FIGURE 5 Temperature variation of the *'P NMR spectra of the melittin-
DMPC bilayer systems. The arrows indicate the direction of the temperature
variation. Hy indicates the direction of the static magnetic field. The shapes
of the vesicles are also depicted.

symmetric powder pattern. This finding indicates that the
DMPC bilayer planes are partially aligned to the applied
magnetic field by forming elongated vesicles (Fig. 5). When
the temperature was lowered to 30°C, the intensity of the
upper field edge of the powder pattern was further increased,
leading to the spectrum of the almost complete alignment to
the magnetic field. At 25°C, the axially symmetric powder
pattern appeared again. This spectrum changed to a broad
envelope of the powder pattern with round edges at 20°C due
to the presence of a large amplitude motion in addition to a

Toraya et al.

rotational motion about the molecular axis by lateral dif-
fusion of the lipid molecule. The presence of a large amplitude
motion is further revealed by the results that the chemical
shift anisotropy, A6 = 8, — &,, is decreased as the tem-
perature is lowered from 25° to 20°C (Table 1). At 10°C, the
isotropic *'P NMR signal is dominated near 0 ppm because
of the isotropic rapid tumbling motion of small particles
caused by melittin-induced lysis of larger vesicles. The same
axially symmetric powder patterns appeared again when the
temperature was raised from 10° to 25°C as a result of fusion
to form larger spherical vesicles. At a temperature above
30°C, the single perpendicular component appeared at —12
ppm, arising from the anisotropic *>'P chemical shift tensor of
liquid crystalline bilayers (38). This result indicates that the
lipid bilayer surface is oriented parallel to the magnetic field
with a higher order of alignment by forming longer elon-
gated vesicles (Fig. 5) referred to the MOVS (29).

Morphological changes of DLPC and DPPC
bilayers containing melittin by *'P NMR

Temperature variations of the >'P NMR spectra of the DLPC
and DPPC bilayers containing melittin, respectively, were
observed to clarify the dependence of the lipid chain lengths
on the respective morphological changes. The axially sym-
metric powder pattern was observed for the melittin-DLPC
bilayers at 30°C, whereas the perpendicular component
alone was observed from the melittin-DPPC bilayers at
50°C. The parallel edge became rounded when the tem-
perature was lowered to 10°C and 40°C for the melittin-
DLPC and -DPPC bilayers, respectively. The intensities of
the perpendicular peaks were significantly decreased at 0°C
and 35°C to result in the round powder patterns over the
entire spectra for the melittin-DLPC (Tc = 0°C for the neat
DLPC) and -DPPC (Tc = 42°C for the neat DPPC) (39)
bilayers, respectively. This pattern alteration is attributable to
increased additional motion beside the axially symmetric
rotational motion of the lipid molecules. The anisotropies of
these patterns differ substantially from those of gel phase
with the *'P chemical shift anisotropy of ~60 ppm in
saturated lecithin bilayers (38). Besides, the chemical shift

TABLE 1 Temperature variations of 3'P chemical shift anisotropies of phospholipids in melittin-lecithin bilayer systems

DLPC (Tc = 0°C)*

DMPC (Tc = 23°C)*

DPPC (Tc = 42°C)*

30°C 10°C 0°C —10°ct 40°C 25°C 20°C 10°ct 50°C 40°C 35°C 20°ct
é,/ppm —-101 * —-102* -86* —-09*x -—-123*x —-127*x -96* —-13=* —Il.1*x —1l.1£ -103*x —08=

0.2 0.4 0.6 0.3 0.2 0.4 0.8 0.4 0.2 0.2 0.4 0.3
o,/ppm 18.5 = 194 = 175 = =09 = 20.1 = 184 = 16,6 = —13 = nd.f 214 * 177 £ -08 =

0.3 0.5 0.8 0.3 0.3 0.6 1.2 0.4 0.4 0.6 0.3
A8/ppm® 28.6 29.6 26.1 0 32.6 31.1 26.2 0 nd.f 325 28.0 0

*Van Dijck et al. (39).

Only isotropic signals were observed from the lipids.
*Not detected.

§A3 = 3// - SL;
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anisotropies were decreased near the respective Tcs (Table
1), proving that the reduced anisotropy was caused by an
additional large-amplitude motion of lipid molecules.

When the temperature was lowered to —10°C and 20°C
for the melittin-DLPC and -DPPC bilayers, respectively,
isotropic peaks due to small membrane fragments appeared
at —0.9 and —0.8 ppm, respectively. The broadened iso-
tropic components for the melittin-DLPC bilayers at —10°C
can be attributable to a lowered fluidity of the solvent. The
perpendicular component remarkably increased as the temper-
ature was raised to 10°C and 40°C for the melittin-DLPC and
-DPPC, respectively. When the temperature was further
raised to 30°C and 50°C for the melittin-DLPC and -DPPC
bilayers, respectively, only the sharp perpendicular compo-
nent alone was observed at —10.1 and —11.1 ppm, respec-
tively, by forming long elongated vesicles.

These findings based on the static *'P NMR spectra indi-
cate that the melittin-DLPC, -DMPC, and -DPPC bilayers are
spontaneously aligned to the magnetic field, with the mem-
brane plane being parallel to the magnetic field by forming
elongated vesicles at a temperature above the Tc. It is also
found that significant morphological changes for the three
melittin-lecithin bilayers occur accompanied by a large am-
plitude motion of lipid molecules near the respective Tc.

Potassium ion leakage from lipid bilayer vesicles

It has been reported for the melittin-DMPC bilayers that
small unilameller vesicles were formed when the temperature
was raised above the Tc and the discoidal bilayers were
formed below the Tc (6). On the other hand, these results of
microscopic observations indicate that multilameller giant
vesicles were formed at a temperature above the Tc in the
case where 9 mol % of melittin molecules were incorporated
in the DMPC bilayers. Therefore, we have further examined
whether the vesicles and/or pores are formed in the bilayers
above or below the Tc, as viewed from the leakage of en-
trapped potassium ions within the bilayer vesicles by using
a potassium ion selective electrode. Fig. 6 shows the manner
of potassium ion leakage by adding Triton X-100 solution
into the lipid dispersed solution to dissolve the lipid bilayers
in the buffer. It was clearly observed that the potassium ions
were retained in the vesicles and leaked immediately after
adding Triton X-100 solution at a temperature above the Tc
(40°C). In contrast, the potassium ions were not leaked at
a temperature below the Tc (2°C). These results clearly
indicate that bilayer vesicles were not formed below the Tc
and hence the potassium ions were not trapped. It is also
noticed that large vesicles were formed at a temperature
above the Tc and they entirely burst, because the potassium
ion leakage was observed only after a first drop of Triton
X-100 solution. This result also indicates that even small pores
were not formed far above the Tc since the trapped potassium
ions did not leak at 40°C.
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FIGURE 6 Plots of potassium concentration measured by a potassium
ion-selective electrode as a function of time at 40°C (fop) and 5°C (bottom),
respectively, in the presence of melittin-DMPC lipid bilayer dispersions.
1 ml of 5% m/v Triton-X solution was added at the time of the arrow po-
sitions.

Molecular association disclosed from MALDI-TOF
MS spectrometry

Fig. 7 shows the MALDI-TOF MS spectra of melittin after
the reaction with the linker molecules (Fig. 7 A) in the
DMPC bilayers at various temperatures. A monomer peak of
melittin appeared at the mass number of 2849 accompanied
by the peaks at 3003 and 3158, corresponding to the melittin
molecules linked with one and two linker molecules (Fig. 7
B), respectively. Interestingly, a dimer peak with the mass
number of 5839 was not significant at 35°C (above the Tc),
but the intensity of the peaks greatly increased at 25°C (near
the Tc) and 15°C (below the Tc). This finding indicates that
melittin molecules are connected by the linker molecules in
the lipid bilayers and form dimers at a temperature near and
below the Tc, because the melittin molecules are closely
located to each other at these temperatures. Namely, melittin
can associate with each other to exhibit phase separation at
25°C (right insets of Fig. 7 B) as indicated in a fluorescent
microscope. This molecular association allows linkage of
neighbor melittin molecules with the linker molecule. Below
the Tc (15°C), the disc type particles are formed and the edge
parts are surrounded by the melittin molecules so that again
the melittin molecules can locate in the vicinity of the other

Biophysical Journal 89(5) 3214-3222
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FIGURE 7 MALDI-TOF MS spectra of melittin after the reaction with
the linker molecules in the DMPC bilayers. (A) Structure of linker molecule,
BS% (B) Temperature variation of the MALDI-TOF MS spectra of the
melittin-DMPC bilayer systems. The peaks with the mass number of 5839
correspond to the melittin dimer connected by the linker molecule. The solid
and open circles indicate melittin and lipid molecules, respectively.

melittin molecules and dimers can form connected by the
linker molecules. In contrast, melittin exists mainly as a
monomer or antiparallel dimer surrounded by lipids at 35°C
because linker molecules cannot make dimers in those states
of melittin molecules.

DISCUSSION

Property of magnetic alignment of
melittin-lecithin bilayer

In this study, we found that partially magnetic alignment
was established for the bilayers hydrated by Tris buffer,
immediately after the sample was inserted in the magnetic
field at a temperature above the Tc. It was also confirmed that
after taking the sample below the Tc, a very good alignment
to the magnetic field was established after raising the tem-
perature above the Tc. Since the lecithin constitutes giant
vesicles with the diameters of ~20 um as demonstrated in
our previous report (28), the elongated vesicle can be formed
along the applied magnetic field as a result of gaining the
total orientation energy (40). This energy due to a negative
anisotropy of the magnetic susceptibility of lipid molecules
(41) is accumulated as a result of reconstitution of the elon-
gated giant vesicles through fusion of membrane fragments
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in the presence of the magnetic field. The elongated vesicles
are thus capable of magnetic alignment exceeding the energy
of a thermal fluctuation as the temperature is raised above Tc.

On the other hand, it is evident from the 3lp NMR spectra
that melittin causes the greatest perturbation to the bilayer
structure near the Tc. Such fluctuation of the lipids not only
causes a melittin-mediated membrane fusion (vesiculation)
and membrane disruption (solubilization) but also breaks
down the magnetic alignment. This is because a large
amplitude motion of the lipid molecules (a fluctuation of
lipid axis) causes reduction of the anisotropy of the magnetic
susceptibility so that vesicles cannot have enough energy to
align to the magnetic field. It is also noticed that the viscosity
of the melittin-DMPC bilayer dispersion was increased when
the temperature was increased to that above the Tc. This
indicates that lipid bilayer vesicles cooperatively interact
each other to orient to the magnetic field at a temperature
above the Tc.

Molecular mechanism of fusion and lysis in the
melittin-lecithin bilayer systems

It is of interest to discuss the molecular mechanism of fusion
and lysis in the melittin-lecithin bilayer systems. In this
microscopic observation, it is evident that melittin is strongly
bound to the vesicles and distributed homogeneously at
a temperature above the Tc. When a temperature is close to
the Tc, melittin molecules associate with each other to cause
phase separation as observed in fluorescent microscopy.
Consequently, a large amplitude fluctuation of lipid mole-
cules occurs near the 7c, as shown in the microscopic picture
of Fig. 1 B and illustrated in Fig. 8. In our previous study,
we showed that melittin forms the pseudotransmembrane

Fusion

Lysis ~Te

FIGURE 8 Schematic representation on the process of morphological
changes in the melittin-lecithin bilayer systems in the absence (A) and
presence (B) of applied magnetic field.
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a-helix with an amphiphilic nature (28,29). Nevertheless,
melittin can stay homogeneous as antiparallel helix dimers or
monomers that dynamically form bundles in the hydropho-
bic environments when the lipid bilayer takes liquid cry-
stalline phase above the Tc. At a temperature close to the Tc,
a large number of melittin molecules associate with each
other by facing the hydrophilic side together and facing the
hydrophobic side to the lipids to cause a larger phase
separation (right insets of Fig. 7 B) and partial disorder of
lipids (Fig. 8). This associated melittin was further observed
as a dimeric form with the linker molecules as judged from
MALDI-TOF MS measurements.

When a temperature is below the Tc, bundles of melittin
molecules associate with each other. Consequently, small
lipid bilayer particles are surrounded by the belt of melittin to
be released from the vesicle to cause a large size of pores and
consequently bring about the membrane disruption. This
large size of pores may be similar to barrel-stave type pores
rather than toroidal pores proposed for magainin (42,43).
Subsequently, entire vesicles are dissolved into the buffer
solution. On the other hand, when a temperature is slightly
above the Tc, a small number of associated melittin mole-
cules causes a large amplitude motion of lipids in addition to
the motion about the molecular axis as shown in Fig. 8. This
large amplitude motion of lipids may cause the surface of
vesicles to fluctuate, causing the mixing of lipids between the
two vesicles and consequently vesicle fusion.

CONCLUSIONS

Giant vesicles with the diameters of ~20 wm as a result of
fusion were clearly seen in the melittin-lecithin bilayers with
the molar ratio of 1:10 above the Tc in various melittin-
lecithin systems. Fusion and lysis of the vesicles were clearly
visible by microscopic measurements above and below the
Tc, respectively. It turned out that the vesicles became
blurred at a temperature slightly above the Tc and a dynamic
pore formation was seen at the temperature. Subsequently,
complete fragmentation occurs at a temperature below the
Tc for the lecithin bilayers containing melittin. This fusion
and lytic behavior around the Tc can be explained by the fact
that melittin molecules taking the pseudotransmembrane
a-helices associate with each other to cause phase separation.
As a result, induced large amplitude motion of lipids causes
the membrane fusion of vesicles above the Tc. On the other
hand, a large number of associated melittin molecules cause
fragmentation of vesicles below the Tc.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophys;j.org.
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