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Abstract Toinvestigatewhether lipid solubilization is of
relevance in describing the interaction between melittin
and biological membranes, we studied melittin-induced
polymorphism using model membranes composed of the
biological lipid sphingomyelin (bovine brain). The behav-
ior of the system was monitored by solid state *!P-NMR
and turbidity measurements and compared to the peptides
well-characterized action on the synthetic lipid dipalmi-
toylphosphatidylcholine. It was found that melittin-in-
duced macroscopic changes of sphingomyelin membranes
are qualitatively the same as in the case of dipa mitoyl-
phosphatidylcholine bilayers. The sphingomyelin/melittin
system is thus proposed to show a reversible vesicle-to-
disc transition (fluid-to-gel phase) through an intermedi-
ate fusion or aggregation event centered at the main tran-
sition temperature, T, asreported in the case of saturated
phosphatidylcholine. In the case of spontaneous disc for-
mation at 37 °C, the lipid-to-peptide molar ratio in the dis-
coidal objects was determined to be approximately 20 for
dipalmitoyl phosphatidylcholine and about 12 in the case
of natural sphingomyelin. Melittin partition coefficients
between membranes and the aqueous medium at 37°C
were found to be 6.1+0.8 mm™ and 3.7£0.4 mm~ for
sphingomyelin and dipalmitoylphosphatidylcholine, re-
spectively. For very high peptide quantities (lipid-to-pep-
tide molar ratio, R; <5) mixed micellesareformed over the
entire temperature range (20° to 60°C) for both kinds of
lipids.
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Introduction

Melittin, the toxic peptide of honeybee (apis mellifera)
venom (50% of its dry weight) is a basic, amphipathic, 26
residue polypeptide and is one of the best characterized
peptides in terms of its interactions with natural and arti-
ficial membranes. The peptide induces a large range of
membrane-based phenomena (for a review, see (Hider
et al. 1983; Dempsey 1990)), such as lysis of natural and
artificial membranes (Sessaet al. 1969; Habermann 1972),
enhancement of passiveion permeability (Habermann and
Jentsch 1967; Olson et al. 1974), membrane fusion (Mu-
rata et al. 1987; Ohki et al. 1994), formation of voltage-
dependent ion channels (Hanke et al. 1983; Tosteson and
Tosteson 1984; Smith et al. 1994), activation of phosphol-
ipase A, (Mollay and Kreil 1974), concentration depen-
dent activation or inhibition of adenylate cyclase (Lad and
Shier 1980) and inhibition of calmodulin (Compte et al.
1983). The conformation and assembly of mellitin in so-
lutionor initslipid-associated state have been investigated
by a wide variety of techniques (Brown et al. 1982; Her-
metter and Lakowicz 1986; Brauner et al. 1987; Frey and
Tamm 1991; Weaver et a. 1992; Smith et al. 1994; Cor-
nut et al. 1996; Flach et al. 1996). The effects of melittin
on phospholipid dynamics and organi zation have al so been
extensively studied. In such systems mellitinisabletoin-
duce a surprising variety of morphologically different
phases depending on the bilayer’s lipid composition, i. e.,
an H,,-phase (Batenburg et al. 1987), a cubic phase (Co-
lotto et al. 1991) and different isotropic phases (Dufourc
et al. 19864, Dufourcq et al. 1986) have indeed been re-
ported. Melittin-induced lipid solubilization has further
been suggested to be directly related to its strong hemo-
Iytic action (50% hemolysis of human erythrocytes at a
li pid-to-peptide molar ratio, R;, of approximately 20) (Du-
fourc et al. 1989; Katsu et al. 1989). However, in adiffer-
ent study the absence of significant mellitin-triggered lipid
solubilization was reported (Maulet et a. 1984). With the
aim of achieving a better understanding of the interaction
of mellitin with biological membranes, we have investi-
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gated its action on natural sphingomyelin, SM, and com-
pared it with the well-characterized DPPC/melittin system
(Dufourc et a. 19864, b; Dufourcq et al. 1986; Faucon
et a. 1995). Although SM is one of the major lipid com-
ponentsof theerythrocyteand cellular membranesof mam-
mals in general and is mainly located in the outer |eaflet
(for review, see (Barenholz and Thompson 1980)), thisis
the first systematic study of SM/melittin systems. In the
context of melittin-induced hemolysisit isimportant inso-
far as SM constitutes, together with unsaturated phosphat-
idylcholines, the bulk of phospholipids in the red blood
cell outer leaflet, withwhichthepeptidewill associatefirst.
SM is a rather peculiar naturally occurring phospholipid
as it exhibits a gel-to-fluid transition temperature in the
physiological temperature range (around 40°C (Shipley
et al. 1974)), that has been proposed to be of importance
in the context of biological membranes (Boggs 1987; Cu-
ratolo 1987).

Herein, we used solid state *!P-NMR and turbidity
measurements as a function of temperature and melittin
concentration to follow the peptide-triggered polymorphic
behavior of the systems. Both methods have proven to be
powerful toolsto monitor polymorphic behavior (Burnell
et al. 1980; Seelig and Seelig 1980; Ollivon et al. 1988;
Faucon et al. 1995). Turbidity measurements were per-
formed to determinethe peptide-to-lipid molar ratiosinthe
small melittin-induced objects formed spontaneously at
37°C and to have an estimation of the partition coefficient
of melittin between the solution and the two types of arti-
ficial membranes used, i. e., DPPC and natural sphingom-
yelin.

Materials and methods

Sphingomyelin from bovine brain was purchased from
Fluka (France), SM (1) and from Sigma (France), SM (2).
Dipal mitoylphosphatidylcholine, DPPC, was obtained
from Avanti Polar Lipids (USA). Highly purified melittin
was obtained from Serva (France). For NMR measure-
ments DPPC dispersions were prepared according to es-
tablished procedures (Pott and Dufourc, 1995). Because
SM dispersions have a tendency to spontaneously form
small vesicles (budding (Dobereiner et a. 1993)), the
method leading to the smallest percentages of small vesi-
cleswas applied for preparation of NMR samples. In brief,
adry lipid film (50 mg) was dispersed in 0.5 ml of the ap-
propriate buffer, then heated to 50°—-60°C and submitted
to gentle agitation until ahomogeneous dispersion was ob-
tained. In the case of turbidity measurements small unila-
mellar vesicles were obtained by sonication as described
in Lesieur et a. (1990). Vesicles were prepared at 10 mm
total lipidin buffer, stored under nitrogen and diluted prior
to experiments. A Tris buffer system (100 mm Tris,
100 mm NaCl, 2 mm EDTA, pH=7.5) was used, thisin-
duces a tetrameric state for the toxin in solution (Faucon
et a.1979; Talbot et al. 1979; Bello et al. 1982; Podo et al.
1982). Appropriate amounts of melittin were solubilized

in the same buffer, added to the lipid dispersion and, in the
case of thermal variations, incubated for at least 30 min at
high temperature. Thin layer chromatography has been
performed before and after completion of experiments;
samples were found to be free of degradation products.

3P.NMR was carried out on a Bruker ARX300
equipped for high power solid state spectroscopy and op-
erating at 121.49 MHz; a phase-cycled Hahn-echo pulse
sequence (Rance and Byrd 1983) with gated proton decou-
pling and quadrature detection was used. Sampleswere al -
lowed to equilibrate for at least 30 min at a given temper-
ature before the NMR signal was acquired; the tempera-
ture was regulated to £1°C. Thermal variations were per-
formed by decreasing the temperature. Typical acquisition
parameters were: spectral window of 64 kHz; 772 pulse-
width of 8 ps; interpulse delay of 40 ps; recycle delay of
6 s; number of scans: 1000—1500. Spectral “dePaking”
was performed as described el sewhere (Bloom et al. 1981;
Sternin et al. 1983) and calculated for bilayer normals
oriented at 90° with respect to the magnetic field direction.
The amount of isotropic line superimposed on a powder
pattern was determined by simulation of a Gaussian or Lo-
rentzian line and subsequent subtraction from the experi-
mental spectrum (Pott and Dufourc 1995). Percentages are
expressed relative to the total spectral area.

Turbidity measurements were performed at 450 nm on
aPerkin Elmer Lambda 2 double beam spectrophotometer
equipped with a temperature regulation system. Errorsin
the temperature regulation were estimated to be about
+1.5°C for thermal variations and +0.5°C for measure-
mentsat constant temperature. A paddle cuvettestirrer and
a thermocouple that do not interfere with the light path
wereplacedinto the quartz cuvette containing thelipid dis-
persion. In the case of thermal variations, samples were
sealed. For continuous measurements of solubilization at
37°C amelittin solution was slowly and continuously in-
jected through athin tube connected to athermostatted pre-
cision glass syringe (Hamilton, Reno, NV), which was
pushed by a syringe pump (EDCO Scientific, Chapel Hill,
NC).

Results
Temperature dependence of the action of melittin

The effects of melittin on membrane macroscopic organ-
ization were investigated by solid state 3'P-NMR and tur-
bidity measurements on lipid dispersions as a function of
temperature and melittin concentration. It should be noted
that, with SM aslipid compound, two different batchesdif-
fering in T, have been used. The batches used for NMR
and turbidity experiments exhibit broad transitions cen-
tered at =37°C for SM (1) and =43°C for SM (2), respec-
tively. Such ashiftin T,,,isacommon phenomenon for nat-
ural lipidsandisusually dueto differencesin thefatty acyl
chain composition between different batches. Representa-
tive 3!P-spectra of the SM (1)/melittin systems are pre-
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Fig. 1 Selected 3P-NMR spectraof the SM (1)/melittin systemsin
the fluid phase, 60°C, at approximately T, 40°C, and in the gel
phase, 20°C, at (A) Rj=, (B) R;=50 and (C) R;=20. For compar-
ison, spectra of the DPPC/melittin system, R; =20, at the same tem-
peraturesarepresentedin (D). All thermal variationswere performed
by decreasing the temperature

sented in Fig. 1A—C (R;=o, 50 and 20); for comparison,
data for the DPPC/melittin system are aso shown
(Fig. 1D, R;=20). In contrast to pure DPPC bhilayers, the
SM membrane exhibits a strong tendency to vesiculate
spontaneously (Débereiner et al. 1993). In the 3'P-NMR
measurements this is reflected by the presence of an iso-
tropic line superposed on an axial symmetric powder pat-
tern (Fig. 1A). It can further be noted that the vesiculation
process depends on the temperature and is more important
in the fluid phase; similar behaviour was reported by Ne-
zil and co-workers (Nezil et a., 1992). The addition of
small amounts of melittin, R; =100, has negligible influ-
ence on this behavior (data not shown). A higher peptide
amount, R; =50, leads to some modifications in the spec-
tral shape (Fig. 1B). In the fluid phase of sphingomyelin
the amount of isotropic lineis decreased. Contrastingly, in
the gel phase one notes the appearance of an isotropic line
superposed on the gel phase powder pattern. At R; =20 and
in the fluid phase at 60°C, a broad and slightly asymmet-
ric isotropic line dominates the spectra of the SM (1) and
DPPC systems (Fig. 1C and D). Yet, a small difference
between the two systems in the fluid phase can be noted.
Inthe SM (1) system an anisotropic lipid fraction persists

0-40-20 0 20 40 60

T T T T T T T T 1

-60 -40 -20 0 20 40 60

ppm ppm

and givesrisetotwo further powder patterns, behavior that
isnot observed for DPPC, even at higher R;. However, both
peptide containing systems (R; =20) show a very similar
evolution with temperature. At 40 °C one observes a pow-
der pattern for both systems and a weak amount of iso-
tropic line only in the case of DPPC. On decreasing the
temperatureinto thelipid gel phase, both systemsare char-
acterized by anarrow isotropic linein the 3!P-NMR spec-
tra.

To alow a more detailed analysis, the percentages of
isotropic line in the SM (1) and DPPC systems were cal-
culated by spectral simulation. The results for different
peptide concentrationsasafunction of temperatureare pre-
sented in Fig. 2. The general behavior of both lipid/pep-
tidesystemsisquitesimilar. At R, =20 thetoxin causesim-
portant amounts of isotropic linein thefluid and gel phase
of both systems, but not in thetransition region. Moreover,
both kinds of lipid show a strong decrease in the isotropic
linewidth at half height, Av,,,, when decreasing the tem-
perature from the fluid into the gel phase (Table 1). For
both peptide containing systemsAv;,, isaround 250 Hz for
T<T,, and between 750 to 1100 Hz for T >T,,. However,
somedifferencesin the melittin-induced effectson SM and
DPPC bilayers can nevertheless be noted. At R; =20, es-
sentially all DPPC molecules show isotropic averaging on
the NMR timescale whatever the temperature, except for
T=T,, (40°C). Yet, at the same concentration the peptide
does not produce a compl ete disappearance of the powder
pattern in the case of SM (1) in the fluid phase. It can fur-
ther be noted that the proximity of T,, (=37°C) leads a-
ready at 45 °C to anotabledecreaseinisotropiclinein con-
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Fig. 2A, B Percentages of isotropic linein the SM (1)/melittin (A)
and the DPPC/melittin (B) systems as a function of temperature.
R;=o (&), R;=100 (0), R;=50 (e), R;=30 (o), R;=20 (m). Percent-
ages are expressed rel ative to the total spectral area. Linesare drawn
to help in reading the figure

Table1 Avy,,(inHz)of theisotropic®*P-NMRsignal for both phos-
pholipid/melittin systems at R; =20 and various temperatures

20°C 25°C 30°C 45°C 50°C 55°C 60°C

270
240

250
230

260
240

880
900

950 910 770
1100 1020 750

SM (1)
DPPC

Accuracy is+10%

trast to the glycerolipid. Further, the temperature range
where no isotropic line is detected is larger than for the
DPPC, which indeed parallels the broad transition of nat-
ural SM when compared to DPPC. Also, in the gel phase
of the SM (1) system, a smaller amount of anisotropically
organized lipid appears to subsist in contrast to the DPPC
system. The behavior of the two systems at low melittin
content also seems to be different. At R; =100 the amount
of isotropic line as well asits Avy, in the SM (1)-spectra
correspond to the isotropic line observed for the peptide-
free bilayer and almost no isotropic line is detected in the
lipid's gel phase (see Fig. 2A). Thisis somewhat in con-
trast to the DPPC system, where the toxin-induced amount
of isotropic line is about the same for R, =100 and R; =50
(Fig. 2B) and both gel and fluid phase spectraare affected
by melittin.
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Fig. 3A, B Variations of the optical density at 450 nm as a func-
tion of temperature for the SM (2)/melittin (A) and DPPC/melittin
(B) systems at two different peptide concentrations: R;=10 (solid
line) and R;=5 (dashed line). Lipid concentration was 1 mm. The
thermal variation was carried out by a continuous decrease in tem-
perature (0.18 °C/min) after incubation of the systems at 60°C

To further characterize the influence of melittin on the
two model membranes, turbidity measurements as a func-
tion of temperature were performed. Experiments on SM
(2) (T,y=43°C) and DPPC SUV (phospholipid concentra-
tion 1.0 mm) were carried out by addition and incubation
with the peptide at 60°C followed by decreasing the tem-
perature (0.18°C/min.). To ensure that the chosen cooling
rate had no influence on the kinetics of the systems, slower
cooling rates, similar to those described in Faucon et a.
(1995) were tested; no differences could be detected. Dur-
ingincubation at R; =10 (corresponding to a phospholipid-
to-bound peptide molar ratio of 11 to 13, see discussion)
and =60°C and for both lipid systems the turbidity of the
sample increases until it reaches a constant value approx-
imately 15 min after the injection of melittin. The optical
density, OD, then remains approximately constant for
T>T,, (OD=0.11). When decreasing the temperature into
the region of the T,,, an important increase in OD is de-
tected, followed by a sudden drop down to very low OD
at =40°C (OD=0.03, Fig. 3). The general thermal behav-
ior of the SM (2) and the DPPC/peptide systems are very
similar. Theonly difference between thetwo systemsisthe
extent of the temperature region where strong turbidity
changes occur, i.e., a larger one for the natural sphingo-
lipid (AT=4°C) than for the synthetic glycerolipid



(AT=1°C). It should be noted that the sharp peak in turbid-
ity at T=T,, isextremely sensitiveto the experimental con-
ditions and the peptide concentration (data not shown). An
increase in the melittin content resultsin aprogressive de-
crease in the maximum OD for this peak. Moreover, stir-
ring speed as well as cooling rate seem to affect this peak.
For higher peptide concentration (R;=5) the OD of both
lipid systems decreases during incubation down to =0.02
and then stays constant over the whole temperature range
investigated (Fig. 3).

Effect of the phospholipid concentration
on melittin-induced solubilization at 37°C

Melittin-induced disc formationin DPPC bilayershasbeen
reported to occur spontaneously and without high temper-
ature incubation for T,<T<T, (Monette et a. 1993; Pott
and Dufourc 1995; Pott et al. 1996). This was verified
herein by turbidity measurements. In this case melittin was
added to the vesicles at 20°C and the temperature was
increased continuously (datanot shown). For DPPC aswell
asfor SM (2) vesiclesthe peptide induces a clearing of the
samples between =35°C and =39°C. To characterize this
solubilization process we followed the method employed
earlier for detergent-induced vesicle-to-micelle transition
(Ollivonet al. 1988; Paternostreet al. 1988). Sincethecrit-
ical peptide concentration to induce complete solubiliza-
tion is dependent on the lipid concentration, turbidity
measurements as a function of melittin concentration at a
constant temperature of 37 °C were conducted for various
phospolipid concentrations. Typical curves as a function
of peptide concentration obtained with SM (2) and DPPC
areshowninFigs. 4A and B, respectively (initial lipid con-
centration: 0.4 mm). For both kinds of phospholipid the
peptidefirstinducesanincreaseinthe OD. At agiventoxin
concentration the behavior of the systems changesand fur-
ther injection of melittin resultsin a progressive decrease
in OD until the solubilization process is complete and the
OD remains almost constant. From this observation three
main break points were defined and determined by the
intercept of the tangents to the curves for both lipid/pep-
tide systems according to Ollivon et al. (1988) and Pater-
nostre et al. (1988) (see also Fig. 4). Thefirst one, a, cor-
responds to the onset of the increase in OD, break point b
isdefined at the beginning of the OD decrease and for pep-
tide concentrations higher than ¢ solubilization is com-
plete. Despite this resemblance in the general behavior of
the two systems, it can be recognized that the peptide con-
centrations necessary to attain these break points are quite
different. In the case of the DPPC system the OD startsto
increase at very low toxin content, that isto say almost in-
stantly (Fig. 4B), whereas for the sphingolipid a higher
peptide concentration has to be reached before a sharp in-
creasein the OD is detected. A similar shift in the peptide
content needed for compl ete solubilization is also detected
(Fig. 4). Incontrast, for the SM (2) system amaximum OD
is reached at lower melittin concentration than for the
DPPC system. To ensure that the morphological changes
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Fig. 4A, B Representative variations of the optical density at
450 nm during continuous addition of melittin to SM (2) (A) and
DPPC (B) small unilamellar vesicles at 37°C. Initial lipid concen-
tration was 0.4 mm. Break points (a, b and ¢) are indicated as deter-
mined by the intercept of the tangents to the curves. The arrow de-
notes a minor breakpoint (see text)

observed during continuous addition of melittin were not
delayed owing to slow kinetics of the systems, different
peptide injection rates were tested and found to have no
detectable influence on the positions of the break points,
although the absoluteintensity at break point b was altered
by modification of the injection rate. As afunction of in-
creasing (decreasing) phospholipid concentration the
shapes of the OD curves remain the same, but the break
pointsare shiftedto higher (lower) melittin concentrations.
Thisis evident from Fig. 5, where peptide concentrations
at break pointsa, b and c are plotted as afunction of phos-
pholipid concentration. For all three break points the rela-
tion between the peptideand lipid concentrationisastrictly
linear one, demonstrating that the stoichiometry of the
systems at a given breakpoint stays the same independent
of the lipid concentration.

Discussion

Disc-to-vesicle transition of melittin-lipid complexes
triggered by the gel-to-fluid phase transition

Interestingly, the SM/peptide system hasthevery samefea-
tures as the DPPC/peptide system in both 3'P-NMR and
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Fig. 5A, B Meélittin versus lipid concentration for SM (2) (A) and
DPPC (B) at breakpoint a (0), b (#) and ¢ (¢) at 37°C. The solid lines
correspond to linear fits and the dashed lines were fitted with
Kp=6.1+0.8 mm~* and 3.7+0.4 mm~* for SM (2) and DPPC vesicles
(see text)

turbidity measurements (Figs. LA—C and Fig. 3A). For
R, >5 the system gives rise to broad and narrow isotropic
31p.NMR lines in the lipid’s fluid and gel phase, respec-
tively, and apowder pattern for the gel-to-fluid phase tran-
sition region of the sphingolipid (Figs. LA—C and Ta-
ble1). Also, after incubation at 60°C, the OD of the
SM/melittin system at R; = 10 staysapproximately constant
when the temperature is decreased until an important in-
crease in the OD is observed when approaching T, fol-
lowed by aclearing of the dispersion when thelipid's gel-
ghase is reached. This paralelism of turbidity and
1P-NMR observations demonstrates that the thermotropic
behavior of the system is due to strong changesin the size
of the lipid/peptide complexes. Moreover, the similarity
between the SM/mellitin system and the DPPC ones sug-
gests, that the very same toxin-induced polymorphism is
observed for SM as has been reported for PC/melittin
systems (Dufourc et al. 1986a; Dufourcq et al. 1986; La-
fleur et al. 1987; Dufourc et al. 1989; Faucon et al. 1995).
It is thus proposed that melittin induces the formation of
small unilamellar vesicles(Dufourcet al. 1986 a; Dufourcq
et al. 1986) in the fluid phase of natural SM, whereas in
the gel phase small discoidal objects with the thickness of
a single bilayer are formed (vesicle and disc diameter
=4000 A and =200 A, respectively, for DPPC (Dufourc
et al. 1986 a; Dufourcq et a. 1986)). The gel phase behav-
ior of the SM/melittin system is particularly interesting

because it shows that the toxin can trigger disc formation
in the SM hilayer at physiological temperatures (vide
supra).

Concerning the fusion or aggregation phenomenon
a =T, of the lipid, the observation of an anisotropic
31p.NMR powder pattern for the peptide containing SM
and DPPC systems can be related to the formation of large
objects having an average diameter 210000 A (Burnell
et al. 1980). In the turbidity measurements this phenome-
non is accompanied by a sharp increase in OD. As can be
noted the temperature range in which this behavior is ob-
served islarger in the NMR than in the turbidity measure-
ments (compare Fig. 2 and Fig. 3A). It is understandable
that thisisrelated to the different experimental conditions
(continuous temperature variation vs. steady state, and
lipid concentration of 1 vs. 60 mm) used in turbidity and
NMR experiments. The disappearance of the disc-to-ves-
icletransition in the SM system when passing from R; =10
to R, =5 and the clear solution obtained independently of
the physical state of the lipid further supports the analogy
between SM and DPPC/toxin systems. For DPPC thislyo-
tropic transition has been reported to be due to the forma-
tion of mixed micelles (Dufourc et al. 1986a; Dufourcq
et al. 1986). The same phenomenon is seemingly observed
for bilayers composed of natural SM.

Differences between the melittin-containing SM and
DPPC systemsareonly found in the amount of reorganized
lipid (Fig. 2), whichwill bediscussed in thefollowing sec-
tion, and in the thermal width of the fusion or aggregation
process (see Fig. 3). Bovine brain SM, as a naturally oc-
curring mixture of various sphingomyelin molecules, is
richin stearic (18:0) and nervonic acid (24:1) leading to
avery broad gel-to-fluid phase transition in contrast to the
well-defined transition of DPPC, which explains the dif-
ference in the thermal width of the fusion or aggregation
process.

Process of disc formation at 37°C

Melittin-induced discformation occursspontaneously, that
is without incubation at high temperature, some degrees
below T, not only for DPPC (Monetteet al. 1993; Pott and
Dufourc 1995; Pott et al. 1996) but also for SM (2). How-
ever, this solubilization process during continuous addi-
tion of melittin is modulated when DPPC is replaced by
SM (2) (Fig. 4). This difference can be quantified by cal-
culation of the R}, the lipid-to-Mel,; molar ratio (Mel, is
the amount of phospholipid-associated toxin), at break
pointsa, b and cfromthe curvesof the peptide versus phos-
pholipid concentration (Fig. 5). The linear relationship
between the toxin and the lipid concentration can be de-
scribed by (Ollivon et al. 1988; Paternostre et al. 1988):

Mel,=Mél; + IR xPL

where Mel, correspondsto the total peptide concentration,
Mel; to the concentration of free peptide in the aqueous
phase, and PL to the phospholipid concentration. The to-
tal lipid concentration and the amount of lipid in the



Table2 Free melittin and effective melittin-to-phospholipid molar
ratios at the break pointsa, b and ¢ (T=37°C)

Break  SM (2) DPPC
point
Mel; [um]  URY Mel; [um] VRS
a 12+05 0.014+0.001 -0.3x0.5 0.003+0.001
2.1) (0.013) (0.5) (0.002)
b 40+09 0.033+0.002 6.3£1.2 0.042+0.002
(5.1) (0.032) (9.8) (0.036)
c 15.3+24 0.081+0.004 15.1+2.1 0.050+0.004
(13.6) (0.084) (14.1) (0.052)

The values are reported are deduced from the linear fitsin Flg 5,
values in parentheses were calculated with K,=6.1+0.8 mm~ 1and
3.7+0.4 mm~t for SM (2) and DPPC, respectlvely (see text)

lipid/peptide complexes can be considered to be the
same, owing to the very low solubility of the phospholip-
ids. Theresults obtained for such linear curvefits are sum-
marized in Table 2. From the slope of the curvesin Fig. 5
R’’s of approximately 71 and 333 were found for the on-
set of the increase in OD (break point a) for SM (2) and
DPPC, respectively. In the case of solid state NM R experi-
ments, where the samples are of high concentration, one
may consider all peptide molecules to be associated with
the lipids, i.e., RF=R,. In the case of gel-phase SM the
presence of melittin results in an isotropic line at R;=50
but not at R; = 100. These values surround the R of 71 for
break point a. For gel-phase DPPC theisotropic lineisal-
ready detected at R; =100, but also for a peptide content
higher than that necessary to reach break point a. Hence,
melittin incorporation into the bilayer up to break point a
seems to occur in the absence of modificationsin the mac-
roscopic organization of the lipid. Consequently, the SM
(2) bilayer can incorporate 4 to 5 fold more peptide than
the DPPC membrane while remaining unaffected from a
macroscopic point of view. One possible explanation lies
in thelipid organization at 37 °C. At thistemperature pure
DPPCisinthe Pg-phase, whereas such arippled phase has
not been reported for bovine brain SM. Another argument
might be that the greater stability of the SM bilayer is due
to the fatty acyl chain composition of this natural lipid.
Anyway, the increased stability of SM when compared to
PC may play arolein therather high stability of erythroc-
ytesagainst melittin-induced hemolysiswhen compared to
PC model membranes.

For the onset of the decreasein OD (breakpoint b) R’s
were estimated to be about 30 for the sphingo- and 24 for
the glycerolipid. In contrast to what has been reported for
detergent-induced phospholipid solubilization (Paternos-
tre et al. 1988) the onset of the melittin-triggered decrease
in OD cannot be correlated with the first appearance of an
isotropic line in the 3*P-NMR spectra (R; =50 and 100 for
SM and DPPC, respectively). This apparent discrepancy
becomes comprehensible with reference to the quasi elas-
tic light scattering data of the DPPC/melittin system (Du-
fourcq et a. 1986). Therein the authors reported that for
low peptide amount and T< T, the DPPC/melittin system
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becomes quite heterogeneouswith coexistence of large ob-
jects and smaller ones with a hydrodynamic radius, Ry,
from=430 A t0=2800 A uptoR; = 100. Such objectswould
indeed result in the appearance of an isotropic line in the
NM R spectra, although not corresponding to thediscs (Du-
fourcq et al. 1986). The decrease in OD after break point
b very probably correspondsto substantial disc formation,
but it should be stressed that b is not necessarily the onset
of disc formation.

Complete fragmentation of the SM (2) and DPPC bi-
layersisreached at R* =12 and =20, respectively. The R¥
for DPPC/melittin complexes formed spontaneously at
37°Cisidentical to the one obtained by Dufourcq and co-
workers (20+£2 (Dufourcq et al. 1986)). In contrast to our
work, the discs in their study were obtained from pre-in-
cubated samples, which is quite an important detail, as it
confirmsthat the complexes formed spontaneously indeed
correspond to the very same discoidal objects that origi-
nate from samples submitted to thermal treatment. Thedif-
ference between the R in the SM (2) and the DPPC discs
may be a consequence of the acyl chain composition of the
sphingolipid. It has recently been reported that the stabil -
ity of PC/melittin discs decreases with increasing length
of the fatty acyl chains (Faucon et al. 1995). It might be
proposed that the slight increase in bilayer thickness ex-
pected for bovine brain SM when compared to DPPC re-
quires higher peptide amounts to cover the edges of the
discs. On the other hand one may suggest that the SM discs
are smaller than the DPPC discs, in order to accommodate
the long chain SM molecules.

Estimation of the partition coefficient of melittin

In avery simple model and neglecting electrostatic repul-
sion one may define the partition coefficient, K, of melit-
tin between vesicles and the aqueous medium by

Kp=(Mel,/PL)/Méel

Since Mel,/PL = 1/R{, it follows that K,=1/R{/Mél;. In
Fig. 6 /R values for magjor break points (a, b and c) are
reported as a function of Mel;. For better statistics minor
breakpoints not reported in Fig. 5 (see for instance the
“bump” indicated by an arrow in Fig. 4) were analyzed in
the same way as the main breakpoints. They were found to
show alinear dependency of Mel; on PL and are also re-
ported in Fig. 6. It can be recognized that the data points
for both types of lipid are rather scattered and prohibit an
accurate determination of K,. Nevertheless, linear regres—
sions of these data points lead to K,=6.1+0.8 mm™ L and
3.7+0.4 mm~ for SM (2) and DPPC " 37°C as rough es-
timation. Insertion of these partition coefficientsin thelin-
ear relationship between Mel, and PL for break pointsa, b
and c leads to reasonable fits (Fig. 5, dashed lines), indi-
cating that the systems can be described by these K, val-
ues. It is further noteworthy that values of K, are of the
same order of magnitude as K, reported for the interaction
of melittin with POPC vesicles (2.1£0.2 mvm™ (Kuchinka
and Seelig 1989)).
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Fig. 6 Effective melittin-to-lipid molar ratio versus free melittinin
the aqueous phase for major and minor break points for the SM (2)
(©) and the DPPC (@) at 37°C (see text for further details)

Conclusion

It has been shown herein that melittin induces a disc-to-
vesicle transition triggered by the melting of the fatty acyl
chains on the natural lipid sphingomyelin asin the case of
the synthetic lipid DPPC. Thisis of interest in respect to
the biological action of melittin. In the plasma membranes
of mammals, such as erythrocytes, sphingomyelin is
known to occur essentially in the outer leaflet where the
peptideisfirst bound. The finding that the action of melit-
tin on sphingomyelinis comparabletoits effectson DPPC
bilayers may establish the biological relevance of studies
carried out with saturated phosphatidylcholines. In this
context it should be mentioned that the peptide is able to
inducedisc formation, although to alesser extent, in DPPC
membranes containing aphysiological cholesterol concen-
tration (Pott and Dufourc 1995). The amount of such dis-
coidal objects in the sterol-containing PC system was
found to be maximum closeto the T ,, of the purelipid. Be-
cause natural sphingomyelin has a gel-to-fluid transition
temperature in the physiological temperature range and if
disc formation occurs in a sterol-containing SM bilayer,
such a lipid solubilization would be expected to occur
around T, and may be important in the understanding of
the action of melittin on natural membranes. However, the
implication of the melittin-induced polymorphism of SM
systems for the peptide’s action on biological systems
(e.g., hemolysis) remainsto be verified.
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