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Lipid unsaturation influences melittin-induced leakage of vesicles
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Investigation of vesicles composed of different phosphatidylcholines revealed that the extent of leakage of internal contents
induced by the lytic agent melittin can range from practically none to essentially complete, depending upon the fatty acyl chain
composition of the phospholipid. The extent of leakage increases with the number of double bonds in the series dioleoylphos-
phatidylcholine < dilinoleoylphosphatidylcholine < dilinolenoylphosphatidylcholine. It depends on the length of the saturated
chain with 1-myristoyl-2-arachidonoylphosphatidylcholine vesicles being more sensitive to melittin induced leakage than 1-palmi-
toyl-2-arachidonoylphosphatidylcholine, 1-stearoyl-2-arachidonoylphosphatidylcholine or 1-palmitoyl-2-docosahexaenoylphos-
phatidylcholine vesicles. The extent of leakage induced by melittin from vesicles composed of 1-palmitoyl-2-oleoylphos-
phatidylcholine, dioleoylphosphatidylcholine, 1-palmitoyl-2-arachidonoylphosphatidylcholine and 1-palmitoyl-2-docosahexaenoyl-
phosphatidylcholine increases with the free volume parameter of these lipids for 1,6-diphenylhexatriene (Straume, M. and
Litman, B.J. (1987) Biochemistry 26, 5113—-5120). Among the lipids examined here, diphytanoylphosphatidylcholine vesicles were
least susceptible to melittin induced leakage. The results indicate that lipid fatty acyl structure may be important in lipid—protein

interactions of the kind simulated by melittin.

Introduction

Studies of lipid—protein interactions tend to empha-
size the role of protein structure. Examples include the
determination of the structural requirements for a pep-
tide to mimic the serum apolipoprotein A1 [1], the role
of the different regions of melittin in its function as a
hemolytic agent [2], and the structural requirements for
signal sequences [3]. It has been observed that interac-
tions of these peptides depend on the fatty acyl compo-
sition of the lipid. Peptides which are models for
ApoAl, for instance, mimic this protein to different
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Abbreviations: 18:2-PC, dilinoleoylphosphatidylcholine; 18:3-PC,
dilinolenoylphosphatidyicholine; DOPC, dioleoylphosphatidyl-
choline; DPH, 1,6-diphenyl-1,3,5-hexatriene; DPhyPC, diphy-
tanoylphosphatidylcholine; DTPA, diethylenetriaminepentaacetic
acid; fv, free volume available for tumbling of 1,6-diphenyl-1,3,5-
hexatriene, see Ref. 21; MAPC, 1-myristoyl-2-arachidonoylphos-
phatidylcholine; POPC, 1-palmitoyi-2-oleoylphosphatidylcholine;
PAPC, 1-palmitoyl-2-arachidonoylphosphatidylcholine; PDPC, 1-pal-
mitoyl-2-docosahexaenoylphosphatidylcholine; R;, lipid /melittin mo-
lar ratio; SAPC, 1-stearoyl-2-arachidonoylphosphatidylcholine;
TMA-DPH, 1-[4-(trimethylammonio)phenyl}-6-phenyl-1,3,5-hexa-
triene.
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extents depending on the fatty acyl composition of the
lipid [4]. However, in contrast to the attention given to
protein structure, there have been few systematic in-
vestigations of the requirements for lipids in interac-
tions with peptides or proteins, with respect to either
chemical structure or physical properties.

The structure of the lipid in the fatty acyl region
may be expected to have an important role in lipid-
protein interactions since the latter present the hy-
drophobic component needed for interaction with in-
trinsic membrane proteins [5]. The penetration of a
peptide or a segment of a protein into a bilayer is likely
to depend on its fluidity, compressibility or accessibility
of its hydrophobic regions. Depth of penetration of a
peptide into the phospholipid may well depend on the
density of packing of the fatty acyl chains at different
distances from the headgroup region. The extent of
bilayer disruption due to peptide penetration may de-
pend on the extent to which the bilayer distorts to
accommodate the peptide and how well the lipid pack-
ing can withstand such distortion. Finally, the fatty acyl
composition could alter the organization in the head-
group region and thereby affect the interaction of the
lipid with the peptide in an indirect way.

Melittin, in conjunction with lipid bilayers is a popu-
lar model system for the study of protein—lipid interac-
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tions because of minimal complexity in structure, com-
mercial availability and its short length which allows
easy synthesis of analogs [6,2]. Melittin rapidly pene-
trates the fatty acyl chain region of liposomes com-
posed of many common lipids. The rate of penetration,
as measured by the blue shift of the fluorescence
maximum by stop-flow techniques, is of the order of 50
s™! for dimyristoylphosphatidylcholine and dimyris-
toleoylphosphatidylcholine vesicles [7]. The binding of
melittin to phospholipid is primarily through hydropho-
bic forces [8] and the interaction of the peptide with
liposomes results in leakage of their internal contents
[9-12]. An indication of the potentially important role
of unsaturation in melittin-induced leakage comes from
earlier experiments on phospholipid-cholesterol-dicetyl
phosphate liposomes which showed that vesicles con-
taining palmitoyloleoylphosphatidylcholine (POPC) are
more susceptible to melittin-induced leakage than vesi-
cles containing dioleoylphosphatidylcholine (DOPC)
[9].

We have used melittin as a model to investigate the
effect of varying the lipid fatty acyl structure on lipid-
peptide interactions by studying the extent to which
melittin-induced leakage of liposomes depends upon
the fatty acyl composition of the phospholipid. We
chose phosphatidylcholine as the phospholipid in order
to minimize electrostatic effects with the cationic pep-
tide and restricted ourselves to the study of lipids in
the fluid phase. We have systematically varied the
number of double bonds as well as the difference in
chain lengths between the fatty acids in the sn-1 and
sn-2 positions. We have also examined the effect of
branching of the fatty acid chains by including diphy-
tanoylphosphatidylcholine (DPhyPC) in the investiga-
tion.

Methods

Melittin

Melittin, 99.9% pure by reverse phase HPLC, was
obtained from Serva Biochemicals (Paramus, NJ) and
stored at —20°C, in the dark. A stock solution, about
0.5 mg/ml in deionized water, was stored at 4°C in a
brown bottle and used within 10 days. The peptide is
monomeric under these conditions as verified by the
tryptophan emission spectrum [13]. The concentration
of this solution was determined by A,y,, assuming an
absorption coefficient of 5600 [11]. Incubation of ex-
truded vesicles of POPC with melittin at the lipid/
melittin molar ratio (R;) = 1 at room temperature for 3
hin 5 mM Tris, 100 mM NacCl, 0.1 mM EDTA, 60 uM
diethylenetriaminepentaacetic acid (DTPA), pH 7.4
(leakage assay buffer) resulted in no visible lysophos-
phatidylcholine spot on silica gel thin-layer chromatog-
raphy by iodine stain when 0.5 mg lipid was spotted on
the TLC plate.

Preparation of vesicles

Phospholipids were obtained from Avanti Polar
Lipids (Alabaster, AL). They were stored at —20°C
under argon. Chloroform solutions with 1 mg of the
phospholipids were dried under vacuum and hydrated
with 200 p1 60 mM calcein, 60 uM DTPA at pH 7.4 by
freeze thawing 10 times. The vesicles were extruded
through two 0.1 um diameter pore polycarbonate fil-
ters (Nuclepore, Pleasanton, CA) 19 times, by means of
a hand held extrusion unit [14]. In this apparatus,
vesicles are transferred from one syringe to another
through extrusion filters. Multiple extrusions can be
made with no exposure of the lipids to air and this
feature is invaluable in handling the oxygen sensitive
lipids studied here. The vesicles were chromato-
graphed over a short Sephadex G-75 column equili-
brated with degassed leakage assay buffer to separate
the vesicles from the free calcein. The vesicles were
stored at room temperature, for not more than 5 h,
until used. The phospholipid was assayed by a modifi-
cation of the Bartlett method [15]. To determine the
extent to which the vesicles composed of the different
lipids varied in size, small aliquots of vesicles and
calcein stock solution were added to 2.5 ml leakage
assay buffer with 30 ul Triton X-100 (10% w/v in
water), to obtain final calcein concentrations where self
quenching and inner filter effect were negligible and
the resulting increase in fluorescence intensities (Ex:
490 nm and Em: 520 nm) were determined. The ratio
of the calculated increase in fluorescence intensity due
to lysis of liposomes composed of 1 mg phospholipid
was divided by the calculated increase due to addition
of 200 wl of the calcein stock solution to the leakage
buffer and expressed as a percentage. The % calcein
entrapped ranged from 1.7 to 2.3% indicating little
variation in the total internal volume of the vesicles
and therefore, little variation in the size of the vesicles.
Incubation of the vesicles without melittin in the leak-
age buffer resulted in no change in fluorescence for
4-5 h indicating that the vesicles were stable over the
time period of the experiments. Care was taken at
every step to minimize oxidation of the lipids. All
buffers were deoxygenated by bubbling argon through
them. The extrusion apparatus was flushed with de-
gassed buffer before use. Failure to degas buffers re-
sulted in a decreased susceptibility of the vesicles to
lysis. The A,;;/A,,, of the vesicles showed that the
extent of oxidation was less than 2% [16}. Inclusion of
butylated hydroxytoluene, a common lipid antioxidant,
resulted in increased susceptibility of DOPC vesicles to
leakage induced by melittin and therefore was not
used.

Leakage assay
Leakage assays were based on fluorescence mea-
surements done on a PTI Alphascan spectrofluori-



meter equipped with a xenon lamp, a magnetic stirrer
and an aperture in the roof of the sample chamber that
allowed injection of solutions into the cuvette while
monitoring the fluorescence.

R, was chosen to be between 1000 and 250 to
minimize the formation of rouleaux type complexes
[17]. A diluted melittin stock solution (5 uM) was
prepared in the leakage assay buffer and stored in a
brown bottle; the peptide remains monomeric under
this condition as verified by the tryptophan fluores-
cence emission spectrum [13]. For all leakage experi-
ments, the lipid was suspended in 2.5 ml leakage assay
buffer at a concentration of 10 uM, stirred at room
temperature and its fluorescence monitored (excitation
at 490 nm and emission at 520 nm) by collecting data at
the rate of three points per second. A 5-20 ul aliquot
of the diluted melittin stock solution was injected (final
melittin concentrations of 10-40 nM) into the magneti-
cally stirred cuvette and recording of the fluorescence
signal from the cuvette was continued. Triton X-100
(30 w1, 10% w/v in water) was injected after about 3
min to completely lyse the vesicles. Single deviant time
points, approximately once in 20 leakage measure-
ments, appeared immediately after the addition of
melittin, possibly due to injected air bubbles. These
were ignored for the curve fitting. Injection of a small
volume of peptide into the large volume in the cuvette
is known to often result in irreproducible time-courses
in vesicle lysis/leakage studies. However, under the
conditions chosen for these experiments, at these rela-
tively low concentrations, speed of cuvette stirring, etc.,
we obtained reproducible time-courses, except for de-
viant points immediately after addition of melittin as
mentioned above. The measurements were made in
triplicate. For each lipid, the leakage experiment was
performed on two different liposome preparations. The
data presented here thus represent the means of values
from six leakage time-courses for each lipid at each R,.
Standard deviations were calculated for each group.
After addition of melittin, the cuvette walls became
hydrophobic, as was evident from the pattern of water
streaming down its sides during washing. Addition of
Triton X-100 for complete lysis of the vesicles resulted
in the removal of this hydrophobic layer. Leakage
time-courses were determined under identical condi-
tions at the beginning and the end of each experiment
session to confirm that the vesicles were not becoming
gradually damaged by lipid oxidation or any other
process. There were no occasions on which a change in
the leakage patterns was seen during the course of the
day.

An equation in the form

AF=A-(1—exp[— BtD+C-¢

was the simplest expression that fitted (Inplot graphical
software, GraphPAD, San Diego, CA) the experimen-
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tally obtained increase in fluorescence intensity due to
release of calcein self quenching (AF) with time (),
for the time range studied here (250 time points after
injection of melittin; 82 s). Such an equation represents
a biphasic process; an initial fast leakage concomitant
with a slow one and has been used in the past to
describe melittin-induced leakage of vesicles and
hemolysis of erythrocytes [6,12]. The amplitude of leak-
age due to the fast step was calculated using the
expression L =100-4/ (Fluorescence intensity in-
crease due to complete lysis of the vesicles). L repre-
sents the percentage of the total amount of entrapped
dye which is released due to the fast leakage step. B
and C, the time constants for release of dye per min
due to the fast phase and slow phase respectively, are
expressed as percentages of the fluorescence intensity
released due to complete lysis of the vesicles.

Results

Injection of melittin into the suspension of lipo-
somes resulted in a sharp increase in the fluorescence
intensity of the solution. The leakage time-course was
similar to that reported for melittin-induced hemolysis
but was somewhat faster [6,19,20]. The lag time before
onset of leakage was 0.5 s or less and the fast phase
was nearly complete in 15 s. The leakage curve was
fitted by non-linear regression to an equation in the
form given in the experimental section.

We studied the effect of the number of double
bonds in the phosphatidylcholine on the susceptibility
of the liposomes to melittin-induced leakage. For this
purpose we chose three phospholipids, dioleoylphos-
phatidylcholine, dilinoleoylphosphatidylcholine (18:2-
PC) and dilinolenoylphosphatidylcholine (18:3-PC).
For these lipids, at a given R;, the extent of leakage
due to the fast leakage step (L) was highest for 18:3-PC
and lowest for DOPC (Fig. 1). In each case, L de-
creased sharply as R; increased up to about R, =500,
beyond which the decrease was more gradual (Fig. 1).
The value of B was 0.0026 + 0.0005% per min for
DOPC at R; = 1000 and increased to 0.0067 + 0.0005%
per min at R; of 250. 18:2- and 18: 3-PC also exhibited
similar values for B. The rate of the slow leakage phase
(C) was close to zero for these three lipids at all the R;
values examined and the leakage did not reach comple-
tion even 24 h after injection of melittin.

The second set of phosphatidylcholines all have
arachidonic acid (C,,, 4 5,8,11,14) at the sn-1 position
and the saturated myristic (C,,), palmitic (C,,) or
stearic (C,y) acids at sn-2. At any R,, L decreased in
the series 1-myristoyl-2-arachidonoylphosphatidylcho-
line (MAPC) > 1-stearoyl-2-arachidonoylphosphatidyl-
choline (SAPC) > 1-palmitoyl-2-arachidonoylphos-
phatidylcholine (PAPC). As in the case of the lipids
used in the experiments of Fig. 1, the L decreased as
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Fig. 1. Percent leakage of internal contents due to the fast leakage
phase induced by melittin, from extruded vesicles composed of
DOPC (@), 18:2-PC (4) and 18:3-PC (W) induced at different
values of R;, with a constant lipid concentration of 10 uM in 5 mM
Tris, 100 mM NaCl, 0.1 mM EDTA, 60 uM DTPA (pH 7.4). Melittin
was injected into the stirred cuvette as a stock solution in the
monomeric form and the induced leakage was followed by the
release of self quenching of calcein trapped inside the vesicles. The
vesicles were lysed with Triton X-100 to obtain the fluorescence
increase after complete lysis.

R, increased (Fig. 2). However, there were other

marked differences in the leakage behavior. First, C
was substantial and decreased as R, increased except
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Fig. 2. Percent leakage of internal contents due to the fast leakage
phase induced by melittin, from extruded vesicles composed of
PAPC (0), SAPC (D) and MAPC (a) at varying values of R; and
constant lipid concentration of 10 uM. The assay procedure is
described in the legend to Fig. 1.
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Fig. 3. Percent leakage of internal contents due to the fast leakge
phase induced by melittin, from extruded vesicles composed of
PDPC (a) and POPC (4 ) at varying values of R; and constant lipid

concentration of 10 uM. The assay procedure is described in the
legend to Fig. 1.

for MAPC in which case it reached a maximum at
R, =600 (At R,=1000, C=11.7+05,3.5+ 1 and 4.5
+ 1.4% per min for MAPC, PAPC and SAPC, respec-
tively). Moreover, the total extent of leakage reached
100% within a few hours. B values for MAPC ranged
from 0.0015 + 0.0005% per min at R, = 1000 to 0.0023
+ 0.0007% per min at R; =250 and were in the same
range for SAPC and PAPC.

We also studied the susceptibility of DPhyPC vesi-
cles to leakage induced by melittin, since this lipid may
form an unusual bilayer due to the bulky substituents
at positions 3, 7, 11 and 15 on the fatty-acyl chains.
These vesicles proved to resist attack by melittin, with
virtually no fast leakage phase component in the leak-
age pattern. The values of C were 1 +0.1, 1.1 +0.1
and 1.5+ 0.2% per min for R, = 1000, 500 and 333,
respectively.

Melittin-induced leakage of vesicles could depend
on the availability of ‘empty spaces’ in the bilayer
needed to accommodate the peptide. Such ‘empty
spaces’ have been quantified in terms of a parameter
denoted as free volume (fv), which is derived from the
rate of tumbling of the fluorescent probes DPH (1,6-di-
phenyl-1,3,5-hexatriene) and TMA-DPH (1-[4-(tri-
methylammonio)phenyl]-6-phenyl-1,3,5-hexatriene) in
the bilayer [21]. We studied the relationship between fv
of lipids and melittin induced leakage of liposomes
composed of them by examining liposomes of 1-palmi-
toyl-2-docosahexaenoylphosphatidylcholine (PDPC), 1-
palmitoyl-2-oleoylphosphatidylcholine (POPC), DOPC
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Fig. 4. Variation of the extent of leakage due to the fast leakage

phase with fv of the lipids composing the liposomes at R, = 500 and

10 uM lipid concentration. The experimental details are provided in
the legend to Fig. 1 and in the text.

and PAPC for which fv values have been reported. Fig.
3 depicts the variation of L with R, for PDPC and
POPC and Fig. 4 shows that the fv of the four lipids
does indeed parallel L. C was negligibly small for
POPC and varied between 4 + 2.5% per min at R; =
1000 to 6.7 + 2.5% per min at R, = 333 for PDPC.

The fv for TMA-DPH for these lipids {21] shows no
relationship to leakage similar to the one observed for
DPH. We also observed that elevating the temperature
decreases L but increases fv (DPH) for each lipid. For
example, L of PAPC vesicles (R;=500) decreases
from 24 at room temperature to 15 at 37°C, while the
fv increased 2-3-fold when the temperature increases
from 5°C to 37°C [21].

Discussion

Our results indicate that melittin-induced leakage of
internal contents from vesicles is strongly influenced by
the nature of the fatty-acyl chains of the phospholipid,
indicating that the latter are important for lipid—pro-
tein interactions of the kind simulated by this peptide.

Leakage of vesicle contents follows a time-course
that is described by a fast leakage process in parallel
with a slow one. The amplitude of the fast process
increased steeply with the number of double bonds
when both chains were unsaturated, whereas the rate
constant for the slow process was small and relatively
unaffected by change in unsaturation. The amplitude
of the fast leakage phase from vesicles of lipids with 6
double bonds in one chain and none in the other was
similar to that from vesicles of lipids with 3 double
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bonds in both chains. However, the rate of the slow
phase was larger in the former case. When one chain
was unsaturated (arachidonoyl) and the other satu-
rated, the extent and rate of leakage increased with
decreasing chain length of the saturated chain. In these
cases, the slow leakage rate was significant. A highly
fluid and relatively expanded lipid with saturated but
branched chains, DPhyPC, was remarkably resistant to
perturbation by melittin.

In these experiments, we are measuring release of a
dye caused by melittin-induced discontinuities in the
bilayer. There is a linear relationship between the
amout of dye released and AF (no inner filter effect or
self quenching at these low concentrations). However,
since we are examining a multi-step phenomenon, we
do not attribute either the exponential or the linear
leakage Kkinetics to any particular process or stage
thereof. The kinetics of the melittin-induced leakage
process suggests that there is a relatively rapid process
which leads to an initial abrupt loss of contents from at
least some vesicles. Since the binding of melittin to
lipid vesicles is known to be very fast [7], this phase
should be essentially over before we took our first time
point and it seems unlikely that the fast process can be
identified with the initial melittin-vesicle interaction.
Rather, it more possibly reflects the perturbing action,
per se, of melittin such as association of several melit-
tin molecules to form a functional channel [12]. The
slow process suggests that the membranes of the vesi-
cles with bound peptide are compromised such that
they lose contents slowly and at a fairly constant rate.
These two phases have been observed by others [6,12].

Two fairly detailed models for the lytic activity of
melittin have been proposed [12,22]. Although these
models differ with respect to the actual mechanism by
which the integrity of the membrane is violated, they
are not sufficiently detailed with respect to lipid-
peptide interaction that they have predictive value with
respect to effects of fatty acyl chain variation. In the
following discussion we therefore concentrate on the
physical properties of the core of bilayers that could
depend upon lipid chain composition and how these
properties could influence the action of melittin.

Among the properties of bilayers affected by the
number of double bonds, microviscosity is mentioned
most frequently. Clearly, whenever movement is in-
volved in membrane phenomena, the viscosity of the
relevant medium - the bilayer — must play a role. In
the present examples, which do not appear atypical,
large effects are seen even though the viscosity changes
are relatively small [23]; the influence of fluidity may
thus be relatively minor. Somewhat correlated with
microviscosity is free volume, a parameter which, ac-
cording to Straume and Litman [21], is related to the
freedom of a fluorescent probe to tumble within a
bilayer. We see a general parallel between melittin-in-
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duced vesicle leakage and the magnitude of this pa-
rameter which probably reflects a composite of mem-
brane properties including compressibility and dila-
tional viscosity, as well as microviscosity.

The extent to which melittin partitions into the
bilayer could be an important factor which controls the
extent of leakage (see Note added in proof). There are
several bilayer associated physical properties which
could affect the peptide-lipid interaction. One such is
the configurational entropy of the fatty acyl chains.
The less fluid the membrane, the more a molecule
embedded within it is restricted. A modest entropy
barrier is thus expected in the penetration of molecules
into membranes from the aqueous phase. Another
property that increases systematically with the number
of double bonds is the area per molecule occupied by
the lipid at the air/water interface [24]. This would
suggest that the more double bonds, the larger the
fraction of the hydrophobic core exposed to the aque-
ous phase, an effect which may influence the ease with
which the melittin molecules could congregate into a
membrane-perturbing array. Another parameter which
would increase with numbers of double bonds is polar-
izibility. As a consequence, dispersion forces should
increase in parallel. This would mean that a relatively
polarizable molecule such as melittin would reside at a
lower energy, the more double bonds in its environ-
ment, an effect which could lead to deeper or more
frequent penetration of the bilayer, the more unsatu-
rated the lipid. This phenomenon might explain why
DPhyPC is relatively resistant to the action of melittin,
although the steric influences of the methyl group on
the chains of this lipid could have effects on this lipid
that we are unable to anticipate. Finally, we note that
bilayer thickness is dependent on acyl chain composi-
tion. Influences of lipids on enzyme activities earlier
ascribed to fluidity effects have now been attributed to
thickness differences [25]. If leakage induced by melit-
tin is primarily due to a pore, then bilayer thickness
could well be an important factor in both rate and
extent of transport.

Whatever the explanation for the lipid-chain depen-
dent effects presented here, it is clear that the hy-
drophobic interior of bilayers plays a major role in
their interaction with melittin. It is likely that these
effects will extend to many other proteins that pene-
trate or reside within membranes. Well-designed inves-
tigations of lipid unsaturation on lipid—protein interac-
tions may thus yield information with significant import
for many areas of cell biology.

Note added in proof: (received 23 November 1993)

More recent experiments by Naoto Oku and Robert
MacDonald have indicated that based on the blue shift
of the melittin fluorescence emission maximum from
357 nm to 332 nm when lipid (6.25 uM) is titrated with
melittin (0.35 uM to 7 uM), the partition coefficient
between the aqueous phase and the lipid phase for
melittin is basically the same for the different phospho-
lipids, and is very similar to that reported in literature
[12]. This suggests that the differences in leakage are
not due to differences in lipid-peptide association but
to differences in perturbation of the lipid by melittin.
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