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ABSTRACT

High-sensitivity differential scanning calorimetry has
been used to examine the interaction of bee venom melittin
with dipalmitoylphosphatidylcholine fused unilamellar vesi-
cles. Experiments were performed under conditions for
which melittin in solution is either monomeric (in 1low
salt) or tetrameric (in high salt). It was found that
under both sets of conditions melittin abolishes the pre-
transition at a relatively high lipid-to-protein molar in-
cubation ratio R, (about 200) and that at intermediate
values of R, it broadens the main transition profile and
reduces the transition enthalpy. This provides evidence
which suggests that melittin is at least partially inserted
into the apolar region of the bilayer. Evident at low val-
ues of Rl are two peaks in the lipid thermal transition
profiles, which may arise from a heterogeneous population
of lipid vesicles formed through fusion induced by melit-
tin, or by 1lipid phase separation. For those profiles
which exhibited only one peak, transition enthalpies, nor-
malized to those of the lipid in the absence of the pro-
tein, are plotted versus the bound protein-to-lipid molar
ratios for the experiments performed under the conditions

which give monomeric and tetrameric melittin in solution.
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These plots yield straight lines, whose slopes give the
number of lipid molecules each protein molecule excludes
from participating in the phase transition. These were
found to be 9.9:0.7 and 4.1%0.5 for monomeric and tetramer-
ic melittin, respectively. The results are discussed in
terms of possible models for the binding of melittin to
phospholipid vesicles. For simple hexagonal packing of
lipid molecules incorporation as an aggregate is favored
when melittin is tetrameric in solution, whereas incorpora-
tion as a monomer is favored when melittin is monomeric in
solution. For low-salt solutions evidence is obtained for
the contribution of free melittin to 1lipid fusion, perhaps
by the formation of protein bridges between apposed

vesicles.
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CHAPTER 1I

INTRODUCTION

Melittin is a small peptide which consists of 26 amino
acid residues and which constitutes approximately 50% of
the dry weight of honey bee venom (Habermann, 1980). The
protein has amphipathic character, with amino acid residues
1-20 being predominantly hydrophobic and residues 21-26
being hydrophillic. (Its amino acid sequence is shown in
Figure 1.) Because of its structure, melittin exists as a
tetramer in crystals and in solutions at high protein
and/or salt concentrations (Faucon et al., 1979), while at
low protein and salt concentrations it assumes a largely
random-coil conformation as a monomer. In terms of its
physiological effects the protein has been found to enhance
the activity of phospholipase A (Vogt et al., 1970; Mollay
and Kreill, 1974; Mollay et al., 1976; Yunes et al., 1977)
by altering the structure of the membrane to which it
binds, while at high concentrations it 1lyses model and
natural membranes (Weissmann et al., 1969; Sessa et al.,
1969; Olson et al., 1974). The extent and character of its
interactions with phospholipid membranes depend on the

relative and absolute protein and lipid concentrations, on
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Figure 1. Amino acid composition of melittin. (From the

the Honey Bee: Apis Mellifera) (Dayhoff, 1968)



the type of membrane phospholipid under study and on the
morphology of the liposomes to which it is being bound.
The origins of its interactions with lipids have yet to be
completely determined, however. Nevertheless, there exists
a significant level of interest in melittin, due both to
its behavior as a toxin and to its potential, as a constit-
uent of model systems, for helping to elucidate the way in
which natural protein-membrane systems behave.

A considerable amount of work, using such experimental
techniques as steady-state and time resolved fluorometry
(Mollay and Kreil, 1973; Talbot et al., 1979; Bernard et
al., 1982; Georghiou et al., 1982; Quay and Condie, 1983;
Bradrick et al., 1987), NMR (Strom et al., 1978; De Bony et
al., 1979; Brown et al., 1982; Stanislawski and Riterjans,
1987), ESR (Williams and Bell, 1972; Hegner et al., 1973)
and CD (Strom et al., 1978; Drake and Hider, 1979; Knéppel
et al., 1979; Vogel, 1981) has been performed in order to
elucidate the effects which melittin has on phospholipid
membranes. Of interest are the conformation and state of
aggregation of the protein in membranes, as well as the ef-
fect that the protein has on the properties of the 1lipid
acyl chains. Such information is essential for achieving
an understanding of the activity of the protein as a natu-

ral toxin and may also be useful for gaining insights into




structures and processes (such as signal peptides, membrane
proteins, membrane fusion and pore formation: aspects of
the model systems which were mentioned above) which are of
more general biological importance.

Some experimental work on the melittin-phospholipid
interaction has also been carried out using the technique
of differential scanning calorimetry (Mollay, 1976; Bernard
et al., 1982; Batenburg et al., 1988). All of these stud-
ies suffer from certain deficiencies, however. Mollay
(1976) examined only three protein-to-lipid molar ratios
and did not determine the actual molar ratio of bound pro-
tein to lipid. Bernard and his co-workers (1982) obtained
only qualitative information in their study. Finally,
Batenburg and his co-workers (1988) also examined only a
limited number of protein-to-lipid molar ratios (three to
five, depending on the physical state of their phosphati-
dylethanolamine sample). In addition, they used binding
data obtained from samples which contained monomeric melit-
tin in solution to determine the extent of binding in their
calorimetry samples, which contained tetrameric melittin
in solution. Therefore the need exists for a thorough
study of the melittin-phospholipid interaction, made over a
wide range of lipid-to-protein molar ratios, for both mono-

meric and tetrameric melittin in solution, through the use




of calorimetry. It is hoped that the present study assists
in satisfying this need.

Differential scanning calorimetry is a powerful exper-
imental technique for directly measuring the thermodynamic
properties of a macromolecular system. Measurements are
made by placing the macromolecule (such as a protein, DNA
or lipid sample) in buffer into the sample cell of the cal-
orimeter. The sample buffer is placed into the calorime-
ter’s reference cell. After the cells have been allowed to
reach thermal equilibrium, the scan is initiated and the
calorimeter begins to slowly increase (in the case of a
heating scan) the temperature of both cells, while it main-
tains a temperature difference of zero between the cells.
As the sample cell contains the macromolecule, which has
its own specific heat which is probably greater than that
of the sample buffer, the calorimeter will have to add more
heat to the sample cell than to the reference cell in order
to increase the temperatures of both cells by the same
amount. This excess heat capacity of the sample, which is
related to the solute macromolecule’s specific heat through
the latter’s concentration, is then recorded as a function
of temperature for subsequent analysis.

Once the excess specific heat of the macromolecule has

been obtained, additional information about the molecule’s




thermodynamic behavior can be derived by successively inte-
grating the specific heat over the temperature range of the
scan, after an appropriate baseline has first been chosen.
The first such integration will yield the enthalpy of any
phase transition the macromolecule has undergone during the
course of the temperature increase. In the case of cooper-
ative phase transitions such as those undergone by 1lipid
vesicles, the transition enthalpy will, among other things,
give information about the size of the macromolecular
assembly’s cooperative unit. Also, an analysis of the
thermodynamic data will allow one to delineate the phase
transitions of different components of a system, even when
they occur at the same temperature. And in the case of
protein-lipid samples, an analysis of how the transition
enthalpy changes with protein concentration can yield im-
portant information about the conformation of the bound
protein in terms of the number of lipid molecule each pro-
tein removes from participating in the phase transition.
Thus calorimetry can provide very important information
about a number of aspects of the melittin-phospholipid
interaction.

Finally, we note that differential scanning calorime-
try has been used to study the interaction of a number of

proteins with phospholipid vesicles, including ornithine



transcarbamylase leader peptide (Myers et al., 1987), diph-

theria toxin (Ramsay et al., 1989), myotoxin a (Liddle et
al., 1987) and the pentapeptide enkephalins (Myers and

Freire, 1985).



CHAPTER II

MATERIALS AND METHODS

Dipalmitoylphosphatidylcholine (DPPC) was obtained
from Avanti Polar Lipids (Birmingham, AL), while melittin
was obtained from ICN (Cleveland, OH). Both were used
without further purification. Buffers used were 50 mM
Tris, 10 mM EDTA, pH 7 or 50 mM Tris, 10 mM EDTA, 2 M NacCl,
pPH 7 as noted. For the melittin concentrations used in
these experiments, EDTA at a concentration of 10 mM is suf-
ficient to eliminate the activity of any residual phospho-
lipase A in the sample (Dasseux et al., 1984 and Bradrick
and Georghiou, unpublished observations). All buffers were
prepared from triply distilled water.

Lipid concentrations of the scanned samples were de-
termined by a modified Bartlett phosphate assay as de-
scribed by Marinetti (1962). Typically the lipid concen-
tration was about 2 mM. For each value of the
lipid-to-melittin molar incubation ratio R, an individual
sample was prepared by adding melittin to vesicles in a
precisely measured volume from a 2 mM stock solution of the
protein dissolved in the same buffer as was used to make up

the lipid sample (i.e. low or high salt as noted). For the



lowest 1lipid-to-melittin molar incubation ratio used

(R1=20), the concentration of melittin (0.1 mM) was 1low
enough for the protein to be in the monomeric form in the
absence of salt (Talbot et al., 1979). After the addition
of melittin, the protein-lipid samples were incubated for
30 min at 51 °C in order to allow for binding of the pro-
tein to the lipid vesicles and their subsequent structural
changes. (An incubation temperature of 51 °C was chosen
because it is 10 C° above the 1lipid transition temperature.
Dasseux et al. (1984) found that melittin binds to multila-
mellar zwitterionic lipid vesicles only above their 1lipid
phase transition temperature.)

The vesicle preparations used in these experiments
were fused unilamellar vesicles (FUVs) which were prepared
essentially as described by Schullery et al. (1980). DPPC
dissolved in chloroform was dried under nitrogen and vacuum
desiccated for 24 h to remove any remaining solvent. The
dried lipid was then hydrated above the lipid phase transi-
tion temperature Tln with 50 mM Tris, 10 mM EDTA, pH 7 buff-
er and vortexed to give a dispersion with a concentration
of 50 mg/ml. The dispersion was then sonicated to clear-
ness in a Laboratory Supplies Co bath sonicator and centri-
fuged at 15000xg for 60 min above the transition tempera-

ture to remove any remaining multilamellar vesicles. The



sonicated vesicles were subsequently incubated at 4 °C for
four weeks before use. This low-temperature incubation
induces the vesicles to fuse and produces a homogeneous
population of single lamellar vesicles with a diameter of
approximately 900 A (Wong et al., 1980; Dreyer et al.,
1988).

To obtain fused unilamellar vesicles in a high salt
buffer, the vesicles were prepared as just described. 1In

o

addition, after the one week incubation at 4 "C, a 5 ml
solution of 10 mg/ml FUVs was dialyzed overnight at 55 °C
against 4 1 of 50 mM Tris, 10 mM EDTA, 2 M NaCl, pH 7 buff-
er. For individual scans, aliquots of this 1lipid stock
were diluted to the desired concentration.

Calorimetric measurements were performed with a Micro-
cal MCl or Microcal MC2 differential scanning calorimeter.
The sensitivity and precision of the MCl calorimetric unit
were improved by the use of two separate Keithley amplifi-
ers connected to the heat capacity and temperature outputs
of the instrument. Each calorimeter was interfaced to an
IBM PC through a Data Translation DT-805 A/D converter for
automatic data collection and processing. Data were col-
lected at 0.05 °C intervals and stored for subsequent

analysis. All the calorimetric scans were performed at a

scanning rate of 20 °C/h.
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The fraction of melittin bound to FUVs was determined
using two different methods. This information was neces-
sary in order to obtain from R, the molar ratio of bound
melittin to lipid. Samples having various lipid-to-protein
molar incubation ratios R were prepared as described
above. 1In the first method, they were then centrifuged at
the lipid transition temperature T for 0.5 h at 65000xg.
Following this, the sample tubes were removed and main-
tained at T while the aqueous portions were extracted.
For samples prepared in low-salt buffer the aqueous portion
corresponds to the supernatant, which was quite easily
drawn off. For samples prepared in high-salt buffer, the
vesicles float and form a film on the surface of the solu-
tion. 1In order to avoid disturbing the film, portions of
the aqueous phase were removed by piercing the side of the
centrifuge tube with a hypodermic needle and drawing off
the sample with a syringe. The concentration of melittin
in the aqueous phase was determined by measuring the fluor-
escence intensity of the sample at 350 nm, with excitation
at 280 nm. The excitation and emission bandwidths were
both 10 nm. This was compared with the fluorescence inten-
sity of an aqueous solution of known melittin concentration
to determine the unknown concentration. The unknown sam-

ples were diluted as necessary in order to adjust their ab-

11



sorbances so as to maintain proportionality between fluor-
escence intensity and concentration. The aqueous portions
were also assayed for phosphate, as described above, to de-
termine their 1lipid content. Given the total amounts of
lipid and melittin in the samples, as well as the lipid and
melittin in the aqueous portions, we calculated the lipid-
to-protein molar ratios of the pellets. 1In doing this we
took into account the fact that the absolute fluorescence
intensities of free and bound melittin differ at 350 nm.
We assumed that the molar ratio in the pellet was also the
ratio of melittin bound to the lipid in the supernatant and
calculated the amount of free melittin based on this. 1In
no case did the fraction of bound melittin differ from the
uncorrected value (based simply on the total amount of mel-
ittin in the supernatant) by more than 10%.

In the second method, we determined the fraction of
bound melittin by measuring at the 1lipid T the fluores-
cence anisotropy of melittin in lipid samples prepared as
described above. (This second method was used in adition
to centrifugation because it is capable of measuring the
fraction of bound melittin in situ. The sample would
therefore not be subjécted to high pressure, as would be
the case during centrifugation, which might shift the bind-

ing equilibrium and change the amount of melittin bound.)
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The anisotropy r is given by

Iov = IVH(IHV/IHH)

r = (1)
IVV + 2IVH(IHV/IHH)

where V and H stand for vertical and horizontal orienta-
tion, respectively, and the first subscript refers to the
excitation polarizer while the second subscript refers to
the emission polarizer. For a system consisting of free
and bound ligand the anisotropy of the sample is easily
shown to be given by

+
efchfrf ebcbqbrb

r = (2)
efchf + 8bcbqb

where r, q, € and ¢ are the emission anisotropy, fluores-
cence quantum yield, molar extinction coefficient and molar
concentration of the ligand in the sample; subscripts b and
f refer to bound and free ligand, respectively. Also, the
fraction of bound ligand, £, is given by

fb = cb/ct (3)

where ct=03+cf. It follows from Egns. 2 and 3 that

13



(e /e ) (xr-r )
e - £/ b £ (4)

b (q,/q,)(r -r)+(e /e ) (r-T )

Samples were excited at 297 nm in order to maximize the
fluorescence anisotropy of melittin. Emission was observed
at 335 nm. A bandwidth of 10 nm was used for both the
excitation and emission monochromators.

We found the value of r, in low salt solution to be
0.049. We obtained a value for r, in low salt solution in
the following way. First we measured r for R =200, at
which melittin is 95% bound as judged from our centrifuga-
tion data (see Results). We then used Eqn. 4 to calculate
a value of 0.190 for r. . It was necessary to obtain r, in
this way because, even at R1=1000' melittin is not com-
pletely bound as calculated using our binding data. Thus
it was difficult to obtain a sample which contained com-
pletely bound melittin and which had a measurable fluores-
cence intensity. The alternative, which would have been to
use a much higher concentration of melittin, would have re-
quired the use of a much higher 1lipid concentration, for
which there would have been a concomitantly large increase
in the amount of scattered light. For this reason it was

also difficult to determine €, SO that we took €, to be
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approximately equal to €, as was previously established for

small unilamellar vesicles (Georghiou et al., 1982).

We determined the value of q/q to be 1.74 for low
salt solutions. The fluorescence spectrum for bound mel-
ittin was corrected for scattered light as was previously
described (Georghiou et al., 1982). A lipid-protein sample
with an incubation ratio of R =200 was used to determine
the bound spectrum. The quantum yield so obtained was cor-
rected for the fraction of melittin that was actually free
in solution (see above).

For high salt solutions we obtained values of 0.087,
0.141, and 1.70 for r, r, and qb/qf, respectively. A
lipid-protein sample with an incubation ratio of R =200 was
used to obtain r, and q, here, as well. We note, however,
that in high salt solutions melittin is completely bound at
this ratio (see Results) so that, unlike the case of the
low-salt solutions, no correction had to be made for par-
tial binding.

When determining the contribution of lipid scattering
to the polarized fluorescence signal, a correction was
applied for the reduction in the turbidity of FUVs induced
by melittin. (Such a reduction was previously reported for
multilamellar vesicles (Dasseux et al., 1984).) This cor-

rection was determined by comparing the intensities of

15



light scattered by the melittin-lipid sample and by a
lipid-only solution, at 540 nm where melittin does not
fluoresce.

All fluorometric measurements were made on a spectro-
fluorometer, previously described (Georghiou, 1975). All
absorption measurements were made on a Varian Cary 2200

spectrophotometer.
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CHAPTER 111

RESULTS

Results from our measurements of the specific heats Cp
for heating scans of DPPC FUVs incubated with melittin at
various values for R are shown in Figs. 2 and 3. Figure 2
depicts Cp as a function of temperature for experiments
performed in a low salt buffer while Fig. 3 shows the same
for experiments performed in the presence of 2 M NaCl. The
first panel (A) in each figure shows the transition profile
for vesicles in the absence of melittin. 1In the case of a
low salt solution (Fig. 2), the value of the transition
enthalpy was found to be 8.3 kcal/mol. This is in excel-
lent agreement with the previously reported value of 8.4
kcal/mol for this quantity (Myers and Freire, 1985). Mov-
ing through the figure from left to right, one can see from
the next panel (B) that for R =193 the lipid pretransition
has been abolished and the maximum specific heat and the
enthalpy have been reduced. An approximate doubling of the
amount of melittin (R;= 107, panel C) causes a further re-
duction in the specific heat and enthalpy. The transition
profile is still clearly symmetrical, however. The fourth
panel from the left (panel D, R =33) continues the trend in

the reduction in specific heat with increasing melittin
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Figure 2. Plots of the specific heat Cp as a function of

temperature. The buffer used was 50 mM Tris, 10
mM EDTA, pH 7, in which melittin is monomeric in
solution. Heating scans are shown. DPPC fused
unilamellar vesicles were incubated with melittin
at the following 1lipid-to-protein molar ratios
Ri: (A) 0, (B) 193, (c) 107, (D) 33 and (E) 20.
The temperature scale for each panel extends from
30 °c to 50 °C. All of the profiles have the
same vertical scale.
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Figure 3. Plots of the specific heat Cp as a function of |
temperature. The buffer used was 50 mM Tris, 10
mM EDTA, 2 M NaCl, pH 7, in which melittin is
tetrameric in solution. Heating scans are shown.
DPPC fused unilamellar vesicles were incubated
with melittin at the following lipid-to-protein
molar ratios Ri: (A) 0, (B) 162, (C) 46, (D) 24
and (E) 20. The temperature scale for each panel
extends from 30 °C to 50 °C. All of the profiles
have the same vertical scale.
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concentration. There is also a concomitant reduction in
the cooperativity of the transition which is evidenced by
the broadening of the transition profile. There has been
little change in the transition enthalpy, however, between
this (R1=33) and the previous incubation ratio (R =107).
(Indeed, they both possess approximately the same molar
ratio of bound protein-to-lipid, see below.) Within exper-
imental error, the transition temperature remains unchanged
through panel D. One also observes the appearance of a
shoulder on the low-temperature side of the peak. This
shoulder seems to be centered at approximately 40.7 °c (as
judged from a larger-scaled plot of the profile, not shown)
and has an area equal to about one third that of the total
profile area. The final panel on the right (E) depicts the
transition profile for R =20. The principal peak is now at
40.5 °Cc and appears to correspond to the shoulder which was
seen in the preceeding profile (D). In fact, the height of
this peak seems to have remained undiminished with the ad-
dition of more melittin and is located at the same (or a
slightly lower) temperature. To the right of the new peak
is what remains of the once principal peak, still centered
at approximately 41.7 °C, but which has been so reduced in
cooperativity as to be spread out over a range of about ten

degrees.
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Figure 3 shows the same type of progression for the
case of protein and lipid in the presence of 2 M NaCl. As
before, the first panel (A) gives the transition profile
for the pure lipid in the absence of melittin. A value of
6.6 kcal/mol was obtained for the enthalpy of the transi-
tion under these conditions as compared to 8.3 kcal/mol in
the absence of salt. Also, the temperature corresponding
to the peak was found to have increased slightly to 42.7
°c, as was the temperature of the pretransition (from
approximately 35 °c in the case of low salt to approximate-
ly 37 °C here). Clearly, the presence of salt at a high
concentration has had an effect on the behavior of the lip-
id, which includes the dynamics of the acyl chains as well
as interactions at the head groups, with which the pre-
transition is associated. The next panel to the right (B)
shows that the pretransition has been abolished by the time
one reaches R =162. The addition of melittin has also re-
duced the height of the profile and the enthalpy of the
transition. No effect has been had on the width of the
transition, however. The middle profile (panel C, R =46)
continues the trend of the reduction of peak height and en-
thalpy with increasing melittin concentration. The peak

has also become broader, which reflects a decrease in the

cooperativity of the 1lipid phase transition. One also
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notes the appearance of a shoulder on the peak, centered at
40 °c. This shoulder was first seen in profiles for molar
ratios of R1=65 (data not shown). For R1=24 (panel D) the
peak height has again been reduced and the profile has be-
come much broader. Finally, the above characteristics are
further accentuated in the last profile (panel E, Iﬂ=20).
In fact, the degree of change from the previous profile is
quite pronounced considering the small change in the incu-
bation ratio (from R1=24 to R1=20): the principal (i.e.
original) peak has been greatly reduced in height (although
not significantly broadened) while the peak on the low-
temperature side has increased its contribution to the
overall profile. Interestingly, the high temperature peak
has shifted to 43.5 °C, which amounts to an increase of al-
most 1 °C relative to the transition temperature of the
free lipid in high salt.

In order to determine whether or not the calorimetric
scans were reversible, we also performed cooling scans
followed by heating scans on the same samples, for a wide
range of values for R, in low- and high-salt solutions. We
found that in the case of the high-salt samples, the calor-
imetric scans were reversible for the whole range of incu-
bation ratios R, used in our study. The scans were also

reversible for low-salt samples and Rfﬂo. In the case of
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the low-salt samples for'Igs30, heating scans always gave a

simpler, less structured transition profile than did the
cooling scans. (The latter showed a smaller peak on the
low-temperature side of the main transition profile.)
Figure 4 shows such a profile.

Figures 5 and 6 show the transition enthalpies AH,
normalized to the enthalpies of the free lipid AH_, plotted
versus the corresponding bound protein-to-lipid molar ra-
tios P/L, for the low and high salt experiments, respec-
tively. The corresponding values for AH° were found to be
8.3 kcal/mol and 6.6 kcal/mol. In the case of Fig. 5, the
results from the low-salt binding experiments were used to
correct the molar incubation ratios R, for the presence of
free protein in order to obtain the molar ratios of bound
melittin to lipid. Figure 7, which shows the percentage of
bound melittin as a function of R, for samples in low-salt

solution, was used to carry out this correction.?! The

1The solid line shown in Fig. 7, which is seen to fit the
data quite well, was obtained from a Scatchard-plq; QPaly-
sis of the data. Values of K = (2.4 * 0.4) *+ 10 M  and
n = 93 + 20 were obtained for the binding constant and the
number of lipids per melittin binding site, respectively.
These values are of the same order of magnitude as those
obtained for other melittin/lipid systems (Vogel, 1981;
Batenburg et al., 1988). It should be noted that at low
lipid-to-protein molar incubation ratios melittin forms
nonvesicular structures (Dufourcq et al., 1986) which pre-
sumably have a different affinity for melittin than do
FUVs. Therefore, the binding cannot be assumed to be re-
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Figure 4. Plot of the specific heat Cp as a function of

temperature. The plot shows a cooling scan and a
subsequent heating scan performed on the same
sample. DPPC fused unilamellar vesicles were in-
cubated with melittin at a lipid-to-protein molar
ratio of 25. The buffer was 50 mM Tris, 10 mM
EDTA, PpH7, in which melittin is monomeric in
solution.
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Figure 5.

Figure 6.

Plot of the transition enthalpy AH versus the
bound protein-to-lipid molar ratio P/L. The
buffer was 50 mM Tris, 10 mM EDTA, pH 7. The en-
thalpies have been normalized to that of the ves-
icles in the absence of protein, AHo = 8.3
kcal/mol. The straight line represents the best
fit to the data for a y-intercept equal to unity.
The slope, which gives the number of boundary
lipid molecules per protein molecule, was deter-
mined to be 9.9 * 0.7. Protein/lipid samples for
which the profiles exhibited more than a single
peak (Ri s 30) were excluded from this graph.

Plot of the transition enthalpy AH versus the
bound protein-to-lipid molar ratio P/L. The
buffer was 50 mM Tris, 10 mM EDTA, 2 M NaCl, pH
7. The enthalpies have been normalized to that
of the vesicles in the absence of protein, AHo =
6.6 kcal/mol. The straight line represents the
best fit to the data for a y-intercept equal to
unity. The slope, which gives the number of
boundary 1lipid molecules per protein molecule,
was determined to be 4.1 % 0.5. Protein/lipid
samples for which the profiles exhibited more
than a single peak (Ri = 40) were excluded from
this graph.
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Figure 7. Plot of the percent of total melittin added which

is bound to DPPC FUVs as a function of the lipid-
to-protein molar incubation ratio Ri. The buffer
was 50 mM Tris, 10 mM EDTA, pH 7 and the sample
temperature was 41 °c. Open circles denote val-
ues obtained using ultracentrifugation, whereas
closed circles denote values obtained using
fluorescence anisotropy (see Chapter II). Also
shown is the best fit to the data (solid line),
which was generated using the appaggnglvalues for
the binding constant (K = 2.4 «+ 10 M ), and the
number of lipids per protein binding site (93)
obtained via a computer analysis of the data.
The data and curve are for a lipid concentration
of 1 mM.
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clustering of points in Fig. 5 at protein-to-lipid molar
ratio of 0.01 is due to the fact that, below an incubation
ratio of R,=100, the lipid vesicles rapidly approach being
saturated with melittin to the minimum lipid-to-bound pro-
tein molar ratio of 93. No correction of the incubation
ratios was necessary in the case of Fig. 6, as in high-salt
solutions we have found that melittin is completely bound
over the range of values shown. As can be seen, the low-
and high-salt data are fitted quite well by straight lines
and can be modeled by the equation (Correa-Freire et al.,
1979)

AH

W =1 - <> (e/L) (5)

where <7 > is the average number of boundary lipid mole-
cules per protein molecule and P/L is the molar ratio of
bound protein to 1lipid. Least-squares fits to the data
using this model gave values for the slope of 9.940.7 and

4.140.5 lipid molecules per protein molecule for 1low- and

versible and this description should be considered as being
only phenomenological. The data were obtained from indi-
vidual samples prepared with the desired amounts of
melittin (as were the samples used in the calorimetric
measurements), not from a single lipid sample that was ti-
trated with melittin. Consequently, these considerations
in no way affect the data analysis which yields the number
of boundary lipids per protein or the presentation of the
data in Fig. 5.
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high-salt conditions, respectively. (Data for melittin-to-

lipid ratios which exhibited two peaks in the transition
profiles, R s30 for low-salt and R 540 for high-salt solu-
tions, were excluded from Figs. 5 and 6 and from these cal-

culations.)
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CHAPTER 1V

DISCUSSION

Previous work has shown that melittin exerts a strong
perturbing influence on the order and dynamics of 1lipid
acyl chains (Vogel and Jahnig, 1985; Bradrick et al., 1987;
Faucon and Lakowicz, 1987). Melittin has also been report-
ed to possess fusogenic activity (Eytan and Almary, 1983;
Morgan et al., 1983; Bradrick and Georghiou, 1987; Murata
et al., 1987) the rate of which was recently shown to be
strongly dependent on the state of aggregation of the pro-
tein in solution (Bradrick and Georghiou, 1987). The ef-
fects of the protein are quite strong and seem to stem not
only from the direct perturbing influence that it has on
the lipid molecules in its immediate vicinity but also from
its ability to induce long-range structural reorganization
of lipid vesicles.

In the present work we show that the addition of mel-
ittin at low values of R, to FUVs composed of the zwitter-
ionic phospholipid dipalmitoylphosphatidylcholine (DPPC)
results in transition profiles which have two peaks. We
note that FUVs of zwitterionic phospholipids have been re-

ported to undergo fusion in the presence of melittin (Mor-
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gan et al., 1983). Also, multilamellar and small unila-

mellar vesicles of zwitterionic phospholipids have been
shown through electron microscopy, light scattering and gel
filtration (Dufourcq et al., 1986) to form a heterogeneous
population of vesicles and non-vesicular structures for
values of R, smaller than 30. In this heterogeneous dis-
tribution, new structures, formed through the fusogenic
properties of the protein, were found to coexist with the
remaining nonfused 1lipid vesicles. The existence of the
distinct peaks seen for small values of R, in the thermody-
namic profiles presented here (Figs. 2 and 3) may be the
result of melittin having induced only some of the vesicles
to fuse and so produced a heterogeneous population of lipid
vesicles which exhibit differing melting behaviors. An al-
ternative explanation for the origin of this phenomenon is
phase separation. In the vesicles used here, which were
composed of a single type of lipid, this corresponds to the
segregation of membrane-bound melittin into protein-rich
domains in the bilayer, with the concomitant formation of
protein-poor domains. The various domains with their dif-
ferent local 1lipid-to-protein ratios would presumably ex-
hibit different 1lipid melting profiles. On the basis of
these data we are not able to choose between this hypothe-

sis and that based on the formation of heterogeneous struc-

35




tures through fusion. We are attempting to address this

issue through ongoing work in our laboratory. We note that
two studies which included calorimetric measurements ob-
tained data for low 1lipid-to-melittin molar ratios and
tetrameric melittin in solution which the authors inter-
preted as exhibiting melittin-induced phase separation:
Bernard et al., (1982) for negatively charged dimyristoyl-
phosphatidic acid multilamellar vesicles, and more recent-
ly, Batenburg et al., (1988) for dielaidoylphosphatidly-
ethanolamine multilamellar vesicles.

In comparing the fusogenic properties of melittin in
the cases of low- and high-salt solutions, it is of inter-
est to note that a recent study (Bradrick and Georghiou,
1987) reported a much higher rate of fusion for the latter.
This may indicate that the mechanisms of fusion are also
different. For the high-salt solutions used in the present
study, melittin is almost completely bound for values of Rx
at least as low as 25 (the lowest ratio we have used here),
whereas for low-salt solutions it is essentially bound for
R, values down to about 100. (100 is approximately the
minimum molar ratio of 1lipid to bound protein; this can
easily be deduced from the data presented in Fig. 7.) Con-
sequently, the evolution of the thermal transition profiles

as R1 decreases for the former solutions (Fig. 3) stems ex-
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clusively from the effect of bound melittin, whereas for

the latter solutions (Fig. 2) free melittin appears to make
a contribution as well for R 5100. If melittin which is
free in solution plays a role in vesicle fusion, then this
process presumably becomes more efficient as the amount of
free melittin increases for values of R1 progressively low-
er than 100. This could explain why the low-salt profiles
continue to evolve for Ri s 100, even though the ratio of
lipid to bound melittin remains virtually unchanged. A
plausible mechanism for the enhancement of fusion by free
melittin may be the formation of protein bridges between
apposed vesicles. This could be accomplished by the
anchoring of the positively charged N- and C-termini of the
protein.on the outer surfaces of the two bilayers. This
type of mechanism (i.e. bridge formation) has been suggest-
ed to explain how the ca®’‘-induced fusion of charged vesi-
cles is facilitated by the adrenal medullary protein synex-
in (Hong et al., 1981) and also how poly(L-lysine) causes
the fusion of vesicles composed of dipalmitoylphosphatidyl-
glycerol (Carrier and Pézolet, 1986).

In preparing the lipid-melittin samples used in this
study we have observed that for low values of Ri (less than
about 30) the low-salt samples show a considerable increase

in turbidity when they are allowed to warm above T . This
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suggests that for samples with R s 30 the discoidal and/or
other nonvesicular structures formed through the fusogenic
properties of melittin (Dufourcq et al., 1986) may coalesce
to form larger structures when the sample temperature is
allowed to pass above T;. Such a transition from non-ves-
icular to vesicular structures was previously observed for
melittin incubated with DPPC multilamellar vesicles at low
lipid-to-melittin molar ratios (Dufourc et al., 1986).
Our calorimetric measurements made on low-salt samples re-
veal that the transition profiles are reversible for R =
30 and irreversible for R s 30 (see Chapter III). The non-
vesicle~to-vesicle transition may be the source of this
"irreversibility" for the latter ratios. It may be argued
that the scanning rate used in these experiments (20 °C/h)
is too fast for this process, which is taking place in
addition to the melting of the lipid acyl chains, to ade-
quately approximate equilibrium thermodynamics. Scanning
at 10 °C/h, the slowest rate possible for the MC2 microcal-
orimeter, did not significantly change the melting behav-
ior, however. Alternatively, the samples may be showing
true irreversibility or hysteresis-like behavior, so that
the types of structures one ends up with (in, for instance,
passing through T;) may depend on those with which one

started. Concerning this latter possibility, however, we
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observed that for repeated heating and cooling scans per-

formed on the same sample, there was very little difference
between scans having the same direction in temperature
change.

For all values of R, irreversibility was not observed
in the heating and cooling scans made on high-salt samples.
This may be the result of the salt ions having stabilized
the structures which were formed through melittin-induced
fusion so that upon passing through the 1lipid T they do
not coalesce, unlike what we suggest may be the case for
the low-salt samples with small values of R. In this re-
spect we did not observe a significant change in the tur-
bidity of high-salt samples with low values of R, when they
were cycled through the lipid transition temperature. This
is in contrast to the behavior of the low-salt samples. An
alternative explanation for the difference in reversibility
seen between the low- and high-salt samples is that fusion
as induced by tetrameric melittin may lead to structures
that are inherently more stable than those that are formed
through monomer-induced fusion. With regard to this latter
hypothesis, monomeric and tetrameric melittin were reported
(Bradrick and Georghiou, 1987) to cause greatly different

rates of vesicle fusion. This suggests that they may also
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have different fusion mechanisms, which may lead to differ-
ent structures being formed in the two cases.

There has been considerable discussion concerning the
conformation and state of aggregation of membrane-bound
melittin. Several models for the former have been consid-
ered, including the wedge (Dawson et al., 1978; Vogel et
al., 1983) the trans-membrane a-helix (Vogel et al., 1983)
and an a-helix with its axis parallel to the bilayer sur-
face (Terwilliger et al., 1982). These models all assume
that the protein exists as a monomer when it is bound to
the membrane. Conflicting conclusions have been reached,
however, concerning the state of aggregation of melittin in
lipid vesicles (Hermetter and Lakowicz, 1986; Vogel and
Jahnig, 1986; Talbot et al., 1987). These studies used the
technique of resonance energy transfer and reported very
different findings for melittin bound to dimyristoylphos-
phatidylcholine small unilamellar vesicles. Hermetter and
Lakowicz (1986) concluded that bound melittin is monomeric
in the presence and in the absence of 2 M NaCl, whereas
Vogel and Jahnig (1986) concluded that it is tetrameric in
the absence of 2 M NaCl. Talbot et al. (1987) found that
the state of aggregation of membrane-bound melittin depends
on the salt concentration. Low salt solutions were found

to have melittin bound as a monomer, while solutions which
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contain 0.5 M NaCl were found to have melittin bound as a
monomer and mixed oligomers. Vogel and Jahnig (1986) also
presented a model for the tetramer that consists of four
bent a-helices (the melittin monomers) which are approxi-
mately parallel with one another and which are oriented so
that the hydrophilic amino acid residues are on the inside
of the tetramer (which may serve as a channel or pore (Tos-
teson and Tosteson, 1981; Hanke et al., 1983)). The hydro-
phobic residues are on the outside and are exposed to the
apolar interior of the bilayer into which the aggregate is
embedded (see Fig. 10, Vogel and Jahnig, 1986). As was
pointed out by Talbot et al., (1987), the differing results
of the three resonance energy transfer studies (Hermetter
and Lakowicz, 1986; Vogel and Jahnig, 1986; Talbot et al.,
1987) regarding the state of aggregation of membrane- bound
melittin may be due to differences in the types of protein
modification made.

In addition to the above resonance energy transfer
studies, Stanislawski and Riterjans (1987) have used
Bc-NMR to investigate the conformation and state of aggre-
gation of membrane~bound melittin. They studied the bind-

ing of tetrameric melittin? (labeled with two 13C-methyl

2Unlike the present study and those of Hermetter and Lako-
wicz (1986), Vogel and Jahnig (1986) and Talbot et al.
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groups each at lysine residues 7, 21 and 23) to dimyris-
istoylphosphatidylcholine unilamellar vesicles. Under
these conditions they report that melittin binds as a mon-
omer having the wedge conformation. Considering the disa-
greement that exists between the results of these studies
(Hermetter and Lakowicz, 1986; Vogel and Jahnig, 1986;
Stanislawski and Raterjans, 1987; Talbot et al., 1987), all
of which used chemically modified melittin, it would be of
great interest to obtain information about the state of ag-
gregation of nonmodified melittin in lipid vesicles. The
results of the present study provide such information which
is discussed below.

The shape of the a-helical monomer may be approximated
by a cylinder which has a radius of 5 A (Terwilliger and
Eisenberg, 1982) and a length that would just span the bi-
layer (Vogel and Jahnig, 1986). 1Its cross-sectional area

is thus almost identical to the head group area of DPPC

(1987), these authors have obtained tetrameric melittin in
solution by using a very high concentration of melittin in
a low-salt solution. With respect to this difference,
ionic effects may play a role in the binding of melittin to
vesicles by shielding charges on the lipid and on the pro-
tein. The high melittin concentrations needed to ensure a
melittin tetramer in low-salt solution, however, would have
necessitated our using extremely high lipid concentrations
(up to about 500 mM). These pose serious technical diffi-
culties that prevented the quantification of these effects
in the present study.
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above the transition temperature (Lis et al., 1982). For

hexagonal packing of the lipid molecules one would there-
fore expect that, for a melittin monomer which spans the
bilayer, each protein molecule would be surrounded by
twelve lipid molecules (six in each leaflet of the bi-
layer). The protein would presumably prevent all twelve
lipid molecules from participating in the phase transition,
so that twelve would be the predicted number of boundary
lipids in this case. 1In contrast to this, the model pro-
posed by Vogel and Jahnig (1986) for the membrane-bound
tetramer suggests that the protein aggregate would be sur-
rounded by approximately twenty 1lipid molecules (ten in
each leaflet of the bilayer), or five lipid molecules per
protein molecule. Oour results show that, for high-salt
solutions in which melittin is tetrameric, each bound pro-
tein molecule removes between four and five lipid molecules
from participating in the phase transition. This finding
is in good agreement with our prediction which is based on
the tetramer model of Vogel and Jahnig (1986). For other
models of the membrane-bound monomer, melittin would still
possess boundary lipids much greater in number than what we
have found for the high-salt solutions. For the wedge
model, each half would seem to be in contact with Six lipid

molecules. Also, for a monomer only partially embedded
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into the bilayer, the hydrophobic segment would be sur-
rounded by six lipids and, in addition, the segmment bound
to the membrane surface would perturb the lipid molecules
beneath it. Thus, despite the different possible conforma-
tions for a membrane-bound monomer, there is a significant
difference between their predicted number of boundary 1li-
pids and that predicted by the tetramer model.> The fact
that our value for the number of boundary lipids is slight-
ly lower than that predicted by the latter may be due to
simplifying assumptions made about the sizes and packing of
the 1lipid and protein molecules, and to the presence of
some higher-order melittin oligomers which would serve to
lower somewhat the measured number of boundary lipids per
protein. A transmembrane melittin hexamer, for example,
would possess 24 boundary lipids (12 in each leaflet of the
bilayer), or 4 lipids per protein molecule. That our in-
ference regarding the state of aggregation of lipid-bound
melittin differs somewhat from that of Talbot et al. (1987)

who found monomers and mixed oligomers at a concentration

3We note that Mollay (1976) has obtained a value of 8 + 3
for the number of boundary lipids per protein for DPPC
multilamellar vesicles and melittin which was tetrameric in
solution. (This value was obtained from Fig. 2, Mollay,
1976). Our value for tetrameric melittin is close to the
lower limit of this. This difference presumably arises
from melittin having different degrees of interaction with
the lipids of the different lamellae.
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of 0.5 M NaCl, may be due to differences in the salt con-
centrations used. For the concentration of melittin used
in Talbot et al., (1987), the protein is not completely
tetrameric in solution at 0.5 M NaCl, whereas for the mel-
ittin and salt (2 M NacCl) concentrations used in the pre-
sent study the protein is completely tetrameric in solution
(Talbot et al., 1979).

In contrast to the above, the results of our experi-
ments in low-salt solutions where melittin is monomeric
suggest that melittin binds to lipid vesicles as a monomer
under these conditions. This is evidenced by the good
agreement between our value for the number of boundary
lipids per protein (ten) and the number predicted by the
different models (approximately twelve, depending on the

degree of insertion of the protein into the bilayer).
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CHAPTER V

CONCLUSION

The above analysis indicates that for low to moderate
protein-to-lipid molar ratios the binding of melittin to
dipalmitoylphosphatidylcholine fused unilamellar vesicles
brings about a reduction in the 1lipid transition enthalpy
which is consistent with the protein binding as a monomer
or tetramer when it exists in the same conformation in
solution. Present at larger molar ratios are multiple
peaks in the lipid transition profiles which may be due to
the presence of a heterogeneous population of lipid vesi-
cles formed through melittin-induced fusion. For the case
of monomeric melittin in solution, these peaks continue to
evolve in shape as the lipid-to-protein molar incubation
ratio is increased, despite the fact that the bound
protein-to-lipid molar ratio remains unchanged for incuba-
tion ratios lower than about 100. This suggests that free
melittin in solution plays a role in the fusion mechanism
for monomeric melittin. A plausible mechanism for this is
the formation of protein bridges between apposed vesicles,
which would assist in dehydrating the inter-vesicle region
and bring about fusion. The fused vesicles thus formed

seem to be somewhat unstable in that as the sample tempera-
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ture is increased to above the lipid transition temperature

the vesicles appear to coalesce to form larger structures.
Such behavior was not observed for tetrameric melittin in
solution. This suggests that the two species of melittin,

monomer and tetramer, possess different fusion mechanisms.
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