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Abstract

Melittin, the soluble peptide of bee venom, has been demonstrated to induce lysis of phospholipid liposomes. We have investigated the
dependence of the lytic activity of melittin on lipid composition. The lysis of liposomes, measured by following their mass and dimensions when
immobilised on a solid substrate, was close to zero when the negatively charged lipids phosphatidyl glycerol or phosphatidyl serine were used as
the phospholipid component of the liposome. Whilst there was significant binding of melittin to the liposomes, there was little net change in their
diameter with melittin binding reversed upon salt injection. For the zwitterionic phosphatidyl choline the lytic ability of melittin is dependent on
the degree of acyl chain unsaturation, with melittin able to induce lysis of liposomes in the liquid crystalline state, whilst those in the gel state
showed strong resistance to lysis. By directly measuring the dimensions and mass changes of liposomes on exposure to melittin using Dual
Polarisation Interferometry, rather than following the florescence of entrapped dyes we attained further information about the initial stages of

melittin binding to liposomes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Melittin is a 26 amino acid, amphipathic peptide, with 6 pos-
itive charges [1]. The amino-terminal is composed predominantly
of hydrophobic amino acids [2] (residues 1-20), whereas the
carboxy-terminal end has a stretch of predominantly hydrophilic
amino acids (residues 21-26), which give rise to its amphiphilic
character [3]. It is known for its strong interaction with membranes,
making it a popular agent for studying peptide—lipid interactions.
Its charged nature makes it water soluble and yet it associates with
natural and artificial membranes binding to them as an amphipath-
ic alpha helix [4,5], having been shown to bind to both
electrically neutral and negatively charged lipid bilayers [1,6].
Although melittin is lytic to a variety of cell types, the degree of
vesicle leakage produced by melittin depends on the bilayer
lipid composition. Melittin reaches membranes through the
aqueous phase so a consideration of its properties in aqueous
solutions is relevant to its effects on membranes. In common
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with other membrane binding peptides and membrane proteins,
itis predominately hydrophobic, and in aqueous solution it is either
monomeric or associated as a tetrameric aggregate. The aqueous
monomer has no detectable secondary structure, as determined by
circular dichroism [7,8], and high resolution "H NMR [9] shows
shifts typical of random coil polypeptides. The monomer has been
described as rod-like with dimensions 3.5 nm x 1.2 nm. By contrast
the tetramer shows melittin to be in a predominantly helical con-
formation, with factors that suppress charge, such has high ionic
strength, leading to self association.

The organisation of membrane-bound melittin is dependent
on the physical state and composition of the membranes, thus in
addition to studying the interaction of melittin with liposomes
composed of differing phospholipid headgroups, we also used
melittin to address the influence of unsaturated lipids in mod-
ulating lipid peptide interactions. In a wider context the im-
portance of understanding melittin membrane interactions
arises from the observation that the amphiphilic alpha-helical
conformation of this haemolytic toxin in membranes resembles
those of signal peptides [10] and that melittin mimics the N-
terminal of HIV-1 virulence factor Nef1-25 [11].
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1.1. Effect of melittin on phosphatidyl choline (PC) liposomes

An investigation of vesicles composed of different phos-
phatidylcholines [12] revealed that the extent of leakage of
internal contents induced by melittin can range from practically
none to essentially complete, depending upon the fatty acyl chain
composition of the phospholipid. The extent of leakage was
shown to increase with the number of double bonds in the series
dioleoylphosphatidylcholine (number of carbon atoms in the
chain: no of double bounds in the chain=18:1) <dilinoleoylpho-
sphatidylcholine (18:2) <dilinolenoylphosphatidylcholine
(c18:3). It was also shown to depend on the length of the sat-
urated chain with 1-myristoyl-2-arachidonoylphosphatidylcho-
line (14:0, 20:4) vesicles being more sensitive to melittin induced
leakage than 1-palmitoyl-2-arachidonoylphosphatidylcholine
(16:0, 20:4), 1-stearoyl-2-arachidonoylphosphatidylcholine
(18:0, 20:4) or 1-palmitoyl-2-docosahexaenoylphosphatidylcho-
line vesicles (16:0, 22:6). Among the lipids examined, diphyta-
noylphosphatidylcholine (4 ME, 16:0) vesicles were shown to be
the least susceptible to melittin induced leakage. The results
indicated that lipid fatty acyl structure may be important in lipid—
protein interactions of the kind simulated by melittin [13].

It was shown that melittin association with phosphatidyl-
choline membranes takes place in the order of milliseconds. The
kinetics of this phenomenon is still a matter of controversy as it
is reported to be monophasic by some researchers [14,15], and
biphasic by others [16,17].

1.2. Effect of negatively charged lipids

A number of publications have described how the presence of
negatively charged lipids in the liposomes inhibits the lytic ca-
pabilities of melittin. Whilst the presence of negatively charged
lipids in the membranes increases the membrane affinity of melittin
[18-20], it anchors the peptide at the interface, preventing the
reorganisation required to induce lysis [21-23]. In addition to
verifying the protective effect of negative lipids via a technique
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other than fluorescence detection of entrapped dyes we have stud-
ied the fate of melittin associating with negatively charged lipids.

1.3. Quantifying changes in the liposomes

Much of the work published on melittin has made use of
entrapped fluorescent dyes, with the lysis of liposomes followed
by measuring the release of the entrapped dye. In the work
described here we employ a surface-based technique called dual
polarisation interferometery (DPI) which permits the user to
measure the changes in thickness, refractive index and mass of
materials 100 nm thick or less on the surface of a glass waveguide
[24]. The dual slab waveguide is illuminated with laser light of
alternating polarisations at one end, and as the light exits the 2
waveguides at the other end they interfere to produce an interf-
erence pattern (see Fig. 1). The waveguide structure is integrated
with a fluidic system permitting the continuous flow of material
over the top waveguide, and as material is added to or removed
from the waveguide, the interference pattern moves, and these
changes in the position of the interference pattern can be “re-
solved” into changes in thickness, RI and mass of the material on
the waveguide [25—28]. Thus if a population of 50 nm liposomes
is immobilised onto the waveguide surface, the dimensions of the
layer will be measured at 50 nm (assuming no deformation of the
liposomes on binding to the waveguide), there will be a surface
coverage value (in ng/mm?) and a refractive index of the layer,
which will reflect the density of liposome packing. We have also
used dynamic light scattering (DLS) and transmission electron
microscopy (TEM) to study the liposomes. The combination of
these three techniques, performed on the same systems, provides a
detailed picture of the events of melittin association.

2. Materials and methods

2.1. Materials

All phospholipids were purchased from Avanti Polar Lipids (Birmingham,
AL, USA). Melittin, Phosphate buffered saline (PBS), NaCl were purchased
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Fig. 1. DPI utilises polarised light from a laser passing down a waveguide onto which a biological layer has been deposited. The evanescent field emanating out of the

waveguide interrogates the biological layer.
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Fig. 2. DMPC Liposomes at 2 mg/ml, stained by 12% (w/v) ammonium
molybdate with TEM micrographs taken on a Philips Tecnai 10, magnification
53,000x.

from Sigma (Dorset, UK), water (HPLC grade) and ethanol (HPLC grade) were
purchased from Fisher Scientific UK Ltd. (Loughborough, UK).

2.2. Methods

2.2.1. Preparation of liposomes via hydration and sonication

Liposome preparation via hydration and sonication was carried out according
to procedures modified from literature [29-34] for the preparation of small
(<100 nm liposomes) and the same basic preparation method applied to all
liposomes regardless of lipid composition. Lyophilized lipid powders were
hydrated via mixing with PBS (2 mg/ml), during which the dried lipid film swells
with bilayer stacks. The hydrated sheets detach during on-going agitation and self
close to form vesicles which prevent the interaction of water with the hydrocarbon
core of the bilayer at the edges. Typically a hydration time of 1 h with vigorous
stirring was employed, resulting in a uniform suspension. Sonic energy was
employed to disperse the larger liposomes into smaller ones, with the lipid
suspension placed in a test tube in the bath sonicator (Branson 200, Soest, Holland),
and sonicated until the solution changes from milky to nearly clear solution.

2.2.2. Liposome preparation via surfactant removal

Liposome samples prepared by dissolving approximately 3 mg of lipid in
100 pl 1:1 Chloroform:ethanol mix which was then dried to a thin film in a
stream of N,. To the dried film 10% (v/v) n-dodecyl-beta-maltoside (DDM,
27 ul) was added, followed by buffer to make the lipid concentration 0.5 mg/ml.
To the lipid/surfactant solution 30 s cycles of vortexing and sonication were
employed until the solution was clear. Next surfactant adsorbing Bio-Beads SM-
2 (Bio-Rad, Hercules, California, USA) were added at a concentration of
225 mg/ml and left rotating at 4 °C for 16 h, after which the beads were skimmed
from the surface of the sample.

2.3. Liposome sizing on a solid support via Dual Polarisation
Interferometry (DPI)

All DPI measurements were performed on an AnaLight Bio200 (Farfield
Scientific, Crew, UK) equipped with a 632.8 nm laser. Depending on the
liposome composition the instrument was fitted with either a silicon
oxynitride waveguide surface or an amine functionalised waveguide surface,
and perfused with PBS. The instrument is a dual channel system, with each
2 pl cell perfused at 12.5 pl/min and maintained at 20 °C. Following
calibration steps to check the refractive index of the PBS running buffer,
liposome solutions were perfused over the waveguide surface at 25 pl/min
until a steady state response was attained (typically 5—10 min, depending on
the phospholipid).

Stable liposome layers were challenged with melittin (0.5 mg/ml) at the
same flow rate for 2 min (total volume 50 pl), then following a period of
washing, 1 M NaCl (2 min, 50 pl).

2.4. Size distribution of liposomes in solution (DLS)

Mean liposome size was determined by dynamic light scattering with a
Malvern Zetasizer 3000 using a 5 mW He—Ne laser and the Windows PCS
version 1.31 software (Malvern Laboratories Ltd., Malvern, UK).

2.5. Transmission electron microscopy of liposomes

In preparation for liposome addition, TEM 400 mesh copper grids (S160-
4, Agar Scientific) were negatively charged by glow discharge (Cressington
208, Watford, UK). Liposomes at 2 mg/ml (3 ul) were incubated with the grids
(60 s), after which the grids were gently blotted dry, and after 2 wash steps
with distilled water, the sample was stained by addition of 12% (w/v) am-
monium molybdate for varying times (20-30 s) before again being gently
blotted dry. Micrographs were taken on a Philips Tecnai 10 on Kodak SO-163
film, and micrographs were scanned with a UMAX Photolook scanner with
256 grey levels.
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Fig. 3. Shows the parameters generated when DPI is applied to the measurement of liposomes added to a solid substrate, namely the thickness, refractive index and
mass of a layer of DSPA liposomes added to an unmodified, silicon oxynitride surface at a flow rate of 25 ul/m.
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3. Results
3.1. Liposome visualisation via TEM and DLS

Prior to immobilisation on the solid substrate, selected liposome
solutions prepared according to Sections 2.2.1 and 2.2.2 were sized
via DLS and micrographs were recorded in the TEM. Using low
volume disposable sizing cuvettes the liposome solutions without
any further treatment were sized via DLS at 20 °C with the sizing
presented using Malvern Instruments “number” function, which
takes account of the disproportionate scatter from a very small
percentage of larger particles. 1,2-Dioleoyl-sn-Glycero-3-Phospho-
choline (DOPC) liposomes prepared with protocol 2.2.1 were sized
at 40.2+12.9 nm, 1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine
(DPPC) vesicles were 47.6£10.4 nm and 1,2-Distearoyl-sn-
Glycero-3-Phosphate (DSPA) vesicles were 83.84+16.7 nm.

Examination of the liposome population via TEM revealed the
liposomes exist as predominately monodispersed liposomes. 1,2-
Dipalmitoyl-sn-Glycero-3-[Phospho-L-Serine] (DPPS) lipo-
somes were measured with an average diameter 46+29 nm,
with a few, very large (> 100 nm) liposomes per micrograph
(micrograph field size ca. 1000x 1000 nm). DSPA vesicles
were also predominately monodisperse, with an average
diameter of 53 +22 nm, with 1-2 “stacks” (deformed liposomes
stacked on top of each other without fusing) per micrograph.
Thus broadly as measured via DLS, we can characterise two
principal populations present, small (20—80 nm) monodisperse
liposomes, making up >95% of the liposome population, with
the remaining 5% a combination of large, monodisperse
liposomes and stacked liposomes. Fig. 2 shows a representative
micrograph of 1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine
(DMPC) liposomes.

3.2. Dimensions of liposomes immobilised on a solid substrate

Fig. 3 shows a typical deposition profile measuring changes
in thickness, refractive index (RI) and mass as a DSPA liposome

Table 1
The dimensions of liposomes, as measured via DPI, immobilised on a solid
substrate

Phospholipid Thickness (nm)  Refractive index ~ Mass (ng/mm?)
DOPC 18.5 1.375 7.8
DSPA 87.0 1.408 67.1
DPPS 36.6 1.392 22.1
DSPG 45.7 1.398 30.5
DPPC 339 1.367 11.5
DMPC 433 1.348 5.8
POPC 25.6 1.376 11.1
PE/PG/Cholesterol ~ 22.0 1.359 5.6

layer is assembled on the surface of the functionalised DPI
waveguide surface substrate, with mass values generated taking
the RI of the lipid to be 1.435 and the density to be 1.05 g/cm?®
[3] giving a Refractive Index Increment (RII) of 0.0955 cm’/g.
The final layer thickness is 88 nm, which when compared to the
DLS value of 83 suggests there is little deformation when DSPA
liposomes (Tm 75 °C) assemble onto the solid substrate. This
deposition profile contrasts with the layer thickness obtained
when low transition temperature lipids are deposited on a solid
substrate. As can be seen from Fig. 4, the DOPC (Tm — 20 °C)
liposome layer thickness is considerably thinner than the diam-
eter measured via DLS and TEM. A summary of a range of
experiments with typical liposome values formed from DOPC,
DMPC, 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine
(POPC), DPPC, DPPS, DSPA, 1,2-Distearoyl-sn-Glycero-3-
[Phospho-rac-(1-glycerol)] (DSPG), and mixed lipid systems
from Phosphatidylethanolamine (PE)/PG/cholesterol is given in
Table 1. The thickness value is the average thickness of the layer
deposited, and the RI values give an indication as to the lipid:
buffer ratio in the liposomes. The RI of PBS is 1.3348, whilst
that for phospholipid is 1.435-1.45 [35,36] thus liposome
layers with refractive indices close to buffer (1.35—1.37) can be
considered as being formed predominately by unilamellar ves-
icles, whilst those with RI 1.38 and higher are likely to contain
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Fig. 4. The effect of an injection of melittin (0.5 mg/ml) on the dimensions of an immobilised layer of DOPC liposomes. On addition of melittin there is an initial
increase in refractive index, mass and thickness as the melittin associates with DOPC, followed by a rapid decrease in both mass and thickness as the liposome ruptures.
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more lipid and less buffer per liposome and thus to some degree
are multilamellar. A full description of different liposome prep-
aration techniques to engineer different number of lamellae and
converting RI into a prediction for the number of lamellae is
beyond the scope of the present paper, and will be described
separately (Freeman et al, submitted).

3.3. Effects of melittin on PC liposomes

Addition of DOPC liposomes to the solid substrate shows the
generation of a very stable layer, but radical changes to this
layer occur upon addition of melittin as shown in Fig. 4. The
data obtained here on addition of a relatively high melittin
concentration (0.5 mg/ml) shows the kinetic progression of the
different stages of melittin/liposome interaction. This concen-
tration is used to in effect saturate each process, and so provide
useful stoichiometric data at the transition points between the
different phases of a multiphasic process. On addition of me-
littin there is an initial increase in refractive index, mass and
thickness. There is a maximum in the mass and thickness
followed by a rapid decrease in both, occurring over a period of
a few seconds, together with a continued increase in the re-
fractive index. The maximum in the mass corresponds to an
addition of approximately one melittin molecule per twelve
lipid molecules (using a RII value for the melittin of 0.186 cm®/
g, a value typically used for protein; the plotted mass is based on
the lipid RII values). Thus it would appear that melittin binds to
the liposome, giving a thickness and mass increase, and then
once sufficient numbers of melittin molecules have associated
with the DOPC liposome, it ruptures leading to a rapid decrease
in measured thickness and a decrease in mass. The refractive
index is observed to rapidly increase concurrently with the
thickness decrease. This would be consistent with an aqueous
filled liposome losing its aqueous content on lysis and the
melittin containing wall collapsing onto the surface. The mea-
sured dimensions of the remaining layer on the surface are
consistent with a single bilayer with a thickness of 4 nm [37]
and a refractive index of 1.435 [35,36]. The absence of any

remaining intact liposomes was verified by the absence of a
further thickness decrease upon a second addition of melittin,
with the liposome population lysed upon a single injection.
When the experiments were performed with DPPC liposomes
the lytic activity of melittin was almost completely inhibited
with the liposome layer retaining close to its original thickness
after two consecutive melittin injections (Fig. 5). As for DOPC
liposomes, the addition of melittin results in a mass increase
during the first few seconds, but in contrast the increase is small,
as is the increase in RI and decrease in thickness. There is no
substantial decrease in mass or thickness at any stage after the
melittin addition. The layer thickness is observed to decrease
slightly from 27 nm to 25.5 nm, but clearly the liposomes have
maintained their structure. There is a significant increase in
refractive index and mass, implying that the melittin does
associate with the phospholipid, but lysis is not induced. The
additional mass bound to the DPPC liposomes corresponds to
approximately one melittin per 60 DPPC molecules.

3.4. Effect of melittin on negatively charged liposomes, PS, PG
and PA

As with PC, liposomes formed with other lipids such as PS,
PG and PA formed stable layers with dimensions on the solid
substrate comparable with sizes determined via DLS and as
visualised via TEM. As can be seen from Fig. 6 there is con-
siderable binding of melittin to the 37 nm negatively charged
liposomes as evidenced by a substantial increase in measured
surface mass. Examining the changes in RI and thickness re-
veals a substantial increase in thickness, to over 50 nm. This
increase in thickness is observed to be stable. The RI can be
seen to increase rapidly to a maximum corresponding to the
point at which the thickness is at a minimum and then to stabilise
and reduce slightly as the thickness increases. The mass gain that
has taken place at the minimum in the thickness corresponds to
one melittin per approximately 30 lipid molecules, and at the end
of the binding process, one melittin per six lipid molecules. To
test whether the thickness increase could have been induced by
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Fig. 5. The effect of sequential injections of melittin (0.5 mg/ml) at 50 s and 270 s on the dimensions of a layer of DPPC liposomes immobilised on a silicon oxynitride
waveguide. The addition of melittin results in a mass increase during the first few seconds, but there is no substantial decrease in mass or thickness at any stage after the

melittin addition, with the liposomes evidently maintaining their structure.
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Fig. 6. The effect of an injection of melittin at 12000 s (0.5 mg/ml) then 2 sequential injections of 1 M NaCl on the dimensions of an immobilised layer of DSPG
liposomes. As can be seen from the figure, there is considerable binding of melittin to the 37 nm negatively charged liposomes as evidenced by a substantial increase in
measured surface mass and thickness. Upon addition of salt the mass, thickness and RI returned back close to the original value, indicating that the bound melittin had
been displaced and the liposome structure was also essentially the same as that pre-melittin.

melittin fusing adjacent liposomes and/or whether it was purely
a result of melittin binding via an electrostatic driven interaction
(see above) 1 M NaCl was injected to shield lipid/peptide
charge—charge attraction. The mass, thickness and RI returned
back close to the original value, indicating that the bound me-
littin had been displaced and the liposome structure was also
essentially the same as that pre-melittin, thus probably excluding
fusion as the mechanism for the thickness increase and also
indicating that the melittin DSPG interaction is predominantly
electrostatic in nature. These changes of a small initial thickness
decrease followed by a significant thickness increase were also
observed for liposomes formed with DPPS and DSPA (data not
shown), with the changes reversed by an injection of salt in each
case (see Fig. 6).

4. Discussion

Although cell lysis by melittin has been extensively studied,
the molecular mechanism of its hemolytic activity is not well
understood. In particular, the role of specific lipids on melittin-
induced hemolysis is not yet clear. The action of melittin in
membranes is believed to be independent of any receptors
[1,38,39], and in this paper we focused on the modulatory role
of different lipids on membrane melittin interactions. The data
presented show that both melittin binding and melittin-induced
lysis is strongly dependant on the bilayer lipid composition,
with the data demonstrating that specific lipid components of
plasma membranes can provide protection against melittin-
induced leakage.

Melittin has previously been shown to form pores in lipid
bilayers that have been described in terms of at least two different
structural models. In the “barrel stave” model the bilayer remains
more or less flat [33], with the peptides penetrating across the
bilayer hydrocarbon region and aggregating to form a pore,
whereas in the “carpet” model melittin binds electrostatically to
the outside of the membrane, aligning parallel to the membrane,

covering it in a carpet like manner. Upon reaching a threshold
concentration membrane penetration occurs resulting in mem-
brane disruption and micellization. An intermediate step in the
“carpet” model is the formation of pores, known as “toroidal”
pores which induce defects in the bilayer such that the bilayer
bends sharply inward to form a pore lined by both peptides and
lipid headgroups [40]. Proponents of both models agree the
mechanism must be “all or none” and predicts the co-existence of
2 different vesicle populations, the lysed and intact.

4.1. Actions of melittin on PC liposomes

Experiments with cholesterol indicate that the area per lipid
hydrocarbon chain and the related area compressibility modulus
are key factors that affect melittin—lipid interactions, with the
introduction of cholesterol shown to reduce the area per lipid
hydrocarbon chain [41,42] and increase the area compressibility
modulus [43]. Both the area per lipid hydrocarbon chain and the
compressibility modulus would be expected to influence the
partitioning of amphipathic peptides into the interfacial region
of the bilayer. As the area per lipid hydrocarbon chain decreases,
less of the bilayer hydrocarbon surface is exposed to the peptide,
which decreases the hydrophobic attraction of the peptide to the
bilayer. The area compressibility modulus is related to the energy
needed to change the area per lipid molecule. Since the bilayer
surface must expand in order to incorporate the amphipathic
peptide melittin, the larger the value of compressibility modulus
the more energy is required to partition melittin into the bilayer.
The results presented here strongly suggest that under the con-
ditions used the liquid crystalline state of DOPC, with its low
compressibility modulus, permits the insertion of melittin, dis-
rupting the alignment of the hydrocarbon chains and inducing
membrane lysis. For DPPC, in the gel state at room temperature,
its higher compressibility modulus [44] prevents the insertion of
melittin to a sufficient degree for the liposome to undergo fatal
lysis. Additions of melittin made over a range of concentrations,
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0.1-2.5 mg/ml to DPPC established melittin does not induce
lysis over a range of lipid:melittin ratios.

The details of the melittin interaction with DOPC and DPPC
warrant some detailed comparison. DPPC proceeds via a simple
single stage process causing a small decrease in the total lipo-
some thickness and modest mass uptake limiting at one melittin
(26 amino-acids) per 60 lipid molecules or ~ 30 lipid molecules
forming the outside of the bilayer. If the process were solely
driven by charge interaction of the 6 positive amino acid re-
sidues with the lipid phosphatidyl groups, this stoichiometry
might be expected to be higher, as in the case of DOPC or
indeed DSPG. In the case of DPPC however it can be postulated
that the higher (than DOPC) compressibility modulus prevents
melittin tail insertion, whilst the positive choline outer head-
group confines the melittin to be bound within the lipid head
region and so limiting the available volume available for me-
littin uptake. The observed compression of the liposome layer is
consistent with this, possibly reflecting a melittin induced bridging
of adjacent lipid phosphatidyl groups causing a tightening of the
bilayer membrane structure. In the case of DOPC insertion of the
hydrophobic melittin tail into the lipid bilayer is much easier, and
proceeds to allow more space within the lipid head region for each
phosphatidyl group to coordinate one of the 6 positive amino-
acids in a melittin molecule. Insertion of the melittin tail into the
lipid bilayer core would be expected to produce an increase in
liposome wall volume which translates into an increase of lipo-
some thickness, which is indeed measured. DOPC vesicle dis-
ruption is seen to take place at the point at which the melittin
stoichiometry exceeds one per 12 lipids (~ one melittin per 6 lipid
molecules in the outer membrane layer). This is significant, be-
cause it reflects the point at which the outer membrane has no
more available uncoordinated phosphatidyl groups, and additional
melittin insertion would no longer be driven by an anchored,
oriented process, but must involve restructuring of the bilayer, as is
observed in the breakdown of the liposomal structure.

Thus the progressive interaction of melittin with DOPC can
be postulated to proceed in a three stage process, namely: (i)
rapid adsorption into the base of the lipid headgroup region (cf
DPPC), (ii) continued and significantly greater adsorption
accompanied by melittin reordering via tail insertion into the
lipid bilayer core and (iii) breakup of bilayer structure once the
melittin: PC ratio exceeds 1:6. It must be noted that the point at
which the permeability of liposomes (whether by pore for-
mation or not) increases occurs in this scheme cannot be cate-
gorically defined, as ‘pores’ are likely be formed within the
liposome structure at some point after melittin tail insertion and
before complete breakdown of the liposome. Indeed it may be
that increased permeability of the liposomes aids their expan-
sion (via uptake of buffer) prior to their breakdown.

In using the dimensional parameters supplied by DPI to add to
the discussion on the models the initial thickness increase (pre-
dicted by the carpet model) preceding micellisation leading to
large-scale disruption of the vesicular structure leaving behind a
4- to S-nm-thick lipid bilayer sheet adds further weight to the
torridoal model. As the protective effect for DPPC exists at
different (higher) concentrations suggests carpet model proceeds
via simultaneous carpet forming and degree of insertion.

4.2. Action of melittin on negatively charged liposomes

While a reduction in the lytic activity of melittin on liposomes
composed of negatively charged lipids could be expected from
results reported in other studies [21,45,46], for example the
addition to PC bilayers of molecules, such as dioleoylglycerol,
produces large changes in melittin-induced leakage, from 86%
for pure PC to 18% for a 8:2 PC/dioleoylglycerol mix [46],
measurement of changes in thickness and RI of the immobilised
liposomes deliver a new insight into the binding of melittin to
liposomes. It has been proposed that the lytic activity of melittin
for liposomes was reduced in the presence of negatively charged
lipids because of ionic interactions between the positive charges
in the peptide and the negative charges on the membrane surface.
These interactions have been described as having the effect of
anchoring the peptide on the surface and inhibiting its ability to
insert into the membrane core region [45]. Fig. 6 reveals the
binding of melittin to have at least 2 distinct phases. As with non
lysed PC liposomes, phase 1 sees a thickness decrease con-
current with a mass increase, with this 6—8 s period then super-
seded by a significant thickness increase. The thickness decrease
corresponds to a melittin to lipid stoichiometry double that of
DPPC at 1:30 (~one melittin per 15 lipid molecules in the outer
membrane layer). The postulation that the thickness increase
could be due to liposome fusion induced by a cationic peptide
was dispelled when the thickness increase was reversed on
addition of salt. The reversible thickness and mass increase does
provide considerable support for the hypothesis that negatively
charged lipids bind melittin via a purely electrostatic mecha-
nism. So initial melittin monomer association can take place
with melittin prone within the lipid headgroup region. Increased
melittin concentrations within this region do not drive the
melittin tail to insert into the lipid bilayer core, but the melittin
reorients out of the bilayer to form oligomeric structures with
additionally associated melittin standing out from the liposome
surface. High salt concentrations are known to induce the for-
mation of melittin tetramers in solution, and it is likely that a
similar process can be promoted by the negative charge density
at the surface of the lipid bilayer. In this case the large increase in
liposome layer thickness is driven by the increased liposome/
associated melittin wall thickness for the liposome which is
confined within the same surface area, together with melittin
coated liposome—liposome repulsion.

Overall, our results provide new details of the mechanism of
action of melittin, and specifically for its action in the lysis of
vesicles at surfaces. The data we have presented may also be of
relevance to the biological action of cytolytic peptides in general.
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