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High-sensihivity differential s;anning calorimetry has been used to examine the interaction of bee venom melittin with
dipalmitoylphosphatidylchohne fused unilamellar vesicles. Experiments were performed under conditions for which
melithn in solution is either monomenc (in low salt) or tetrameric (in high salt). It was found that under both sets of
conditions melithn abolishes the pretransition at a relatively high lipid-to-protein molar incubation 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 whech suggests that mehthin is at least partially inserted into (he apolar region of the bilayer. Evident
at low values of R, are two peaks in the lipid thermal transition profiles, which may arise from a heterogencous
populanion of lipid vesicles formed through Fusion induced by melittin, or by lipid phase separation. For those profiles
which exhibited only one peak, ansition enthalpies, normalized to those of the hpid in the ab of the protein, are
plotted vs the bound protein-to-lipid molar rahos for the expenments performed under the conditions which give
monomeric and tetrameric melttin in selution. These plots yield straight lines, the stopes of which give the number of
hpid molecules each protein molecule excludes from participating in the phase transition. These were found to be
99+07 and 411 0.5 for monomeric and tetrameric melittin, respectively. The results are discussed in terms of
possible models for the binding of melittin to phospholipid vesicles For simple hexagona! packing of livid molecules,
incorporation as an aggrepate is favored when melithn is tetrameric 1in solution, whereas incorporation as 2 monomer is
favored when melittin is monomeric in solution For low-salt solutions, evidence is abtained for the contribution of free
welittin to lipad fusion, perhaps by the formation of protein bridges hetween apposed vesicles

Intraduction in membranes, as well as the effect that the protein has

on the praperties of the lipid acyl chains Such informa-

Melittin 1s a small peptide of 26 amino-acid res:dues tion 13 essential for achieving an understanding of the

that constitutes approx 50% of the dry weight of bee
venom [1] A considerable amount of work, using a
number of different experimental techmques (eg.
steady-state and ume-resolved fluorometry [2-7], NMR
[8-11}, ESR [12,13] and CD [8,14-16]), has been per-
formed 1 an attempt 1o elucidate the effects whuch this
protein has on phospholipid membranes Of iniciest are
the conformation and state of aggregation of the piotein

Abhteviat DPPC dipalmitoylphosphaudylcholine, FUVs, fused
untamellar vesiles  R,, ipid-to-melitun molar incubauon raun T,
iip1d-phase transiticn temperature
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179961200, U 8 A

activity of thz proten as a natural toxin and may also
be useful for gamwmp insights nto structures and
processes (such as signal peptides, membrane proteins,
membranc fusion and pore formation) wiuch are of
more geners! biological importance

Dufferent-al scanmng calonmetry 1s a powerful tech-
mque that alows the direct measurement of the thermo-
dynanuc properttes of hpd veskles Such measurements
can reveal the existence of distinct subpopulations within
the ipid sample and the extent to which bound proteins
affect its thermodynamuc behavior In the present study,
we report the resulis of our systematic investigation of
the effects of melttin on fused unilamellar vesicles of
the zwitterionic phosphokpid. DPPC, for 2 number of
different lipid-to-protemm molar ratios, made using
ngh-sensitvaity differential scanming calonimetry Mea-
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surements have been made under conditions for whica
the proteit 15 monomen< or letramenc 1n solution n
order to explore the effect of protemn aggregation on the
hpid thermotropism The results of the present study
shed light on the state of aggregation of membrane-
bound melittin, a subject which 1s currently under de-
bate [11,17-19] They also show that the protemn ex-
hibits a much greater affinity for the vesicles whan 11 15
tetramenc . solution Furthermore, for monomenc
mehitun n solution, the free protein appears to make a
contribution to melittn-induced vesicle fusion, perhaps
through he formation of protein bridges between ap-
posed vesicles

Materials and Methods

DPPC was obtamned from Avantt Polar Lipids
(Sirmmngham AL), while melitthin was obtauned from
ICN (Cleveland, OH) Both were used without further
purification Buffers used were 50 mM Tns/10 inM
EDTA (pH 7) or 50 mM Tns/10 mM EDTA/2 M
NaCl (pH 7) as noted For the melitin concentrations
used mn these expenments, EDTA at a concentration of
10 mM 15 sufficient to clumnate the acuvity of any
residual phospholipase A, 1 the sample (Ref 20 and
Bradrick and Georghiou, unpublished observanons) All
buffers were prepared from triply distilled woter

Lipid concentrations of the scanned samples were
determuned by a modified Bartlett phosphate assay as
desenibed by Mannetu {21] Typcally, the hpid con-
centration was about 2 mM For each value of R, an
individual sample was prepared by adding melitin to
vesicles m a precisely measured volume from a 2 mM
stock solution of the protemn dissolved i the same
buffer as was used to make up the hpid sample (22, low
or hugh salt as noted) For the lowest rato used (R, =
20), the concentration of melttin (01 mM) was low
enough for the protein to be 1n the monomeric form
the absence of salt [3] After the addition of melittin, the
protemn/li;id samples were ncubated for 30 mun at
51°C n order to allow for binding of the protem to the
lypad vesicles and therr subsequent morphological
changes.

The vestele preparanons used in these experiments
were FUVs, which were prepared essenmually as de-
scnbed by Schullery et al [22] DPPC dissolved 1mn
chloroform was dned under mtrogen and vacuum desic-
cated for 24 h to remove any remainung solvent The
dned hpid was then hydrated above T, wath 30 mM
Tris /10 mM EDTA (pH 7) buffer and vortexed to give
a dispersion with a concentrauon of 50 mg/ml The
éhspersion was then somcated 1o clearness in a Labora-
tory Supphes bath somicator and centnifuged at 15000
X g for 60 mmn above the transiion temperature to
remove any remaimng multilamellar vesicles. The som-
cated vesicles were subsequently incubated at 4°C for 1
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week before use This low-temperature ncubation 1n-
duces the vesicles to fuse and produces a homogeneous
population of single lamellar vesictes with a diameter of
approx 900 A [23}

To obtain FUVs 1n a hgh-salt buffer the vesicles
were prepared as just descnbed In addstion, after the 1
week incubation at 4°C, a 5 ml solution of 10 mg/ml
FUVs was dhalyzed overmight at 55°C aganst 4 § of 50
mM Tns /10 mM EDTA /2 M NaCl (pH 7) buffer For
wmdhwidual scans, ahquots of this ipid stock were diluted
to the desired concentration

Calonimetnc measurements were performed with a
Microcal MClL or Microcal MC2 differenual scanring
calonmeter The sensitvity and precision of the MC1
calorimetric umit were 1mproved by the use of two
separate Kesrhley amplifiers connected to the heat
capacity and temperature outputs of the instrument
Each calormeter was nterfaced to an 1BM PC through
a Data Translation DT-805 A/D converter for auto-
matic data collecton and processing Data were col-
le~ted at 005 C° intervals and stored for subsequent
analysis All the calonmetric scans were performed at a
scanmng rate of 20 C°/h

The fracuon of meltun bound to FUVs was de-
termuned using two different methods This wformation
was necessary 1n ordet to obtain from R, the molar
ratio of bound melitun to hpid Samples having vanous
values of R, wziz prepared as descnibed above In the
first method. th 'y were then cemnfuged at 7;,, for 05 h
at 65000 X g Followmng s, the sample tubes were
removed and mantaned at T, while the agqueous por-
tions were extracted For samples prepared m low-salt
bufter, the agueous portion corresponds to the super-
natant, which was quite easly drawn off For samples
prepared in hugh-salt buffer, the vesicles float and form
a fllm on the surface of the solution In order to avod
disturbing the film, portions of the aqueous phase were
removed by piercing the side of the centnfuge tube with
a hypodermuc needle and drawimg off 1he sample with a
syringe The concentranon of mehttin in the aqueous
phase was determuned by measurmg the fluorescence
mtensity of the sample at 350 nm, with excitation at 280
nm The excitabon and ermssion bandwidths were both
16 nm Ths was compared with the fluorescence inten-
sity of an aqueous solution of known melittin con-
centration to determune the unknown concentration
The unknown samples were diluted as necessary in
order 1o adjust thewr ahsorbances so as 1o mamntan
propertwnality between fluorescence mtensiy and con-
centration The agueous portions were also assaved for
phosphate, as descnbed above, to determune how much
hpid there was in them Given the total amounts of lipid
and melittin 1n the samples, as well as the bpid and
mehtan 1n the aqueous portions, we calculated the
bpid-to-praten molar ratios of the pellets In domng thus,
we took mto account the fact that the absolute fluo-
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rescence tensilics of free and bound mehttin differ at
350 nm We assumed that the molar ratio in the pellet
was alen the rato of melitun bound to the hpd i the
supernatant and calculated the amount of fe22 melitin
based on this In no case did the fraction of bound
mehinn differ from the uncorrected value (based simply
on the total amount of mehttin m the supernatant) by
more than 10%

In the second method, we deterrmined the fraction of
bound melittin by measuning at the hipid 7, the fluo-
rescence ansotropy of melittin . hipid samples pre-
pared as descnbed above The anisotropy. 7, 1s given by

re vy = Iyudyv/ Tun) M
Iy + 2wy Chw hisd

where V and H stand for vertical and honzontal onen-
tation, respectively, and the first subscnpt refers to the
excitation polanzer, while the second subsenpt refers to
thu ¢nmussion polanizer For a system consisting of free
and bound hgand, the anisotropy of the sample 15 easily
shown to be given by

_ESqrt F acudey @

ErCpgy + EnCndn
where r, ¢, € and ¢ are the ermssion amsotropy, fluo-
rescunce quantum yield, molar absorption coefficient
and molar concentration of ilie Ligand n the sample,
suhscripts b and f refer to bound and free ligand,
respectively  Also, the fraction of bound hgand. fy, 1s
gven by

fo=rorry 3]
where ¢, =cy + ¢; It follows from Eqns 2 and 3 that
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Samples were excited at 297 nm (n order to maximize
the fluorescence amsotropy of melitun Ermmssion was
observed at 335 nm A bandwidth of 10 nm was vsed
foar both the excitation and emission monochramators
We found the value of r; 1n low-sali solution to be
0049 We abtained a value for r, 1n low-salt solution 1n
the following way First, we measured r for R, =200, at
which melitun 15 95% bound as judged from our centn-
fugation data (see Resulis) We then used Fyn 4 o
calculate a value of 0190 for r, It was necessary 1o
obtain r;, 1n this way because, even at R, = 1000, melit-
un 15 not completely bound as calculated using our
binding data Thus, it was difficult to obiain a sample
which contamed completely bound melittin and which
had a measurable fluorescence intensity The alterna-
uve, which would have been to use a much hgher
concentration of mehtun would have required the use

of a much higher liprd concentration, for which there
would have been 2 concomitantly large increase in the
amount of scattered hght For thus reason it was also
diff.cult to derermune £y, so that we tock ¢, to be
approximately equal to e, as was previously established
fo. small umilamellar vesicles [5]

We determined the value of g,/q; to be 174 for
low-salt solutions The fluorescence spectrum for bound
melittin was corrected for scattered light as was previ-
ously descnibed [5] A hpd/protem sample with an
incubation ratio of R, =20{) was used to determune the
bound spectrum The quanium yield so obiained was
corrected for the fraction of melittin that was actually
free tn solution (see above)

For high-salt solutions, we obtained values of 0 087,
0141, and 170 for r, r, and g,/q,. respectively A
lip:d / protein sample with an incubation ratio of R, =
200 was used to obtan r, and g, hete, as well We
note, however, that i logh-salt solutons, mehitn s
completely bound at this ratio (see Results) so that.
unlike the case of the low-salt solutions, no corréction
had to be made for partial binding

When deternmmng the contnbution of lipid scatter-
g to the polanzed fluorescence signal, a correction was
applhed for the reduction 1n the turbidity of FUVs
induced by melitun {Such a reductton was previously
reported for multilamellar vesicles [20) ) This correction
was determined by comparing the mtensities of hight
scattered by the mehttn/lipid sample and by a hpd-
onty soluson at 54G nm, at which wavelength meltttin
does not fluoresce

All fluoromeinc measurements were made on a spec-
trofluorometer, previously described [24] All absorp-
tion measurements were made on a Vanan Cary 2200
spectrophotometer

Results

Results from our measurements of the specific heats,
G, for heating scans of DPPC FUVs mcubated with
mehitin at vanous values for R, are shown m Figs 1
and 2 Fig 1 depicts C, as a firnction of temperature for
expenments performed in a low-salt buffer, wiule Fig 2
shaws the same for expernments performed mn the pres-
ence of 2 M NaCl The first panel (A} m each figure
shows the transition profile for vesicles 1n the absence
of mehttn In the case of a low-salt solution (Fig 1),
the value of the transition enthalpy was found to be § 3
keal/mol Thos 1s 1n excellent agreement with the previ-
ausly reported value of 8 4 kcal /mol for thus quantity
[25] Moving through the figure from feft to nght, one
can see from the next panel (B) that for R, =193 the
hpid pretransihon has been abolished and the maxi-
mum specific heat and the enthalpy have been reduced
An approxamate doubling of the amount of melittn
(R,=107, panel C) causes a further reduction in the
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Fig 1 Plots of the speatic heat, C, (for heating scans) a5 a funcion
of temperalure for DPPC FUVs wiubated with melitin at the
following hipid-to-protein molar ratios &, i low-salt bulfer (A) O
(B) 193 (C) 107, {D) 33 and (E) 20 The temperatuse scale for cach
pane! extends from 30 to 30°C Al of the profiles have the same
vertical scale Measurements were made on a Microcal MC1 high-
sensitvvaty diffi 1 sc g calc , the data were collected at
005 C° mtervals by an 1BM PC equipped wath a Data Translauon
DT-805 A/D converier The scanmng rate was 20 C®/h The buller
was 50 mM Tns/10 mM EDTA (pH 7) prepared 1n tnply dishilled
water

specific heat and enthalpy The transition profile 1s still
clearly symmetncal, however The fourth panel (panel
D, R,=33) continues the trend ir thr reduction n
specific heat with increasing melitun concentration
There 15 also a concomitant reduction in the cooperativ-
ity of the transition, which 1s evidenced by the broad-
emng of the transition profile There has been lttle
change in the transition enthalpy, however, between this
(R, =33) and the previous mncubation ratio { R, = 107)
(Indeed, they both possess approximately the same
molar ratio of bound protein-io-hpid, see below ) Withan
experimental 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
approx 40 7°C (as judged from a larger-scaled plot of
ihe profile, not shown) and has an area equal to about
one-third that of the total profile area The final panel
(E} depicts the transition profite for R, =20 The pan-
cipal peak 1s now at 40 5° C and appears to correspond
to the shonlder which was seen in the preceding profile
(D) In fact, the haght of this peak seems to have
remained undimmshed with the addition of more melit-
tin and 1s located at the same (or a shghtly lower)
temperature To the nght of the new peak 15 what
remamns of the once prnncipal peak, still centered at
approx 41 7°C, but which has been so reduced n
cooperativity as to be spread out over a range of about
ioce
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Fig 2 Plots of the specif - hzat € (for heating scans) as a funciwan of
temperature far DPPC FUV incubated with mehitun at the following
Yipid-to-protem molar rauos R, in high-sali buffer (A0 (B) 162 (C)
46, (D) 24 and (E) 20 The wemperature scale for each panel extends
from 30 to 50°C Al of the prufiles have the same serucal scale
Measurements were made on a Microcal MC2 high-sensmwnty dif-
ferential scanning calonmeter the data were coliected a1 005 C*
migrvals by an 1BM PC equipped with a Data Translauon DT-505
A/D converter The scanning ra ¢ was 20 C°/h The bufler was 50
mM Tns/10 mM EDTA/2 M NaCl (pH T prepared m tnply

disnlted wazer

Fig 2 shows the same type of progression for the
case of protemn and lipyd 1n the presence of 2 M NaCl
As befove the first panel (A) mives the transition profile
for the pure hpid 1n the absence of mehttin A value of
46 kcal/mol was obtamned for the enthalpy of the
transttion under these conditions, as compared to 8 3
keal/mol m the absence of salt Also, the temperature
corresponding te the peak was found to have imcreased
shghtly to 42 7°C, as was the iemperature of the pre-
transitton {from approx 35°C in the case of low salt to
approx. 37°C here} Clearly, the presence of salt a1 a
high concentration has had an effect on the behavior of
the hpid, which includes the dynamacs of the acyl chains
as well as interactions at the headgroups, with wluch the
pretransition 1s assoctated The next panel to the nght
{B) shows that the pretransition has been abolished by
the tune cne reaches R, = 162. The addition of melittin
has also reduced the height of the profile and the
enthalpy of the transiion No effect 1s observed on the
width of the transition, however. The muddle profile
{panel C, R, = 46) continues the trend of the reducton
of peak height and enthalpy with increasing mehiun
concentraton. The peak has also become broader, which
reflects a decrease 1n the cooperatvity of the hpid phase
transiton One also notes the appearance of a shoulder
on the peak, centered at 40°C Thas shoulder was first
seen mn profiles for molar ratios of R, =63 (data not
shown) For R,=24 (panel D) the peak height has
again been reduced and the profile has become much
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PROTEIN-TO-LIPIC MOLAR RATIO P/L

Fig 3 Plot of the transiion enthalpy 4K v bound protewn-to-hpid
molar raliwo P/L for DPPC FUVs mcubated with mehtun at vanous
hpid-to-protein molar rattos The buffer was 50 mM Tos/10 mM
EDTA (pH 7) prepared i tnply distilled water The enthal, have
been normalized to Lhat of the vesicles tn the absence of proten,
AH,=83 keal/mol The straight line represenis the besl fit to the
data for a v-nterespl equal to unily The slope, wiuch gives the
onumber of boundary Lpid molecules per protein molecule, way de-
ternuned 1o be $9207 Proten/liynd samples for wiich the profiles
extubtted mare than a smgle peak (R < 30) were excluded from this
graph

broader Finally, the above charactenstics are further
accentuated n the last profile (panel E, R, =20} In
fact, the degree of change from the previous profile 1s
quite pronounced considering the small change m the
incubaton ratie {from R, =24 to R,=20), the pnn-
apdal (e, ongnal) peak has been greatly reduced 1n
height (although not sigmificantly broadened), while the
peak on the low-temperature side has mncreased its
contrtbution to the overall profile Interesungly, the
high-temperature peak was shifted to 43 5°C, which
amounts to an increase of almost 1 C° relative to the
transition temperature of the free pid 1n lugh salt

In order to determine whether the calonmetnc scans
were reversible, we also performed cooling scans fol-
lowed by heating scans on the same samples, for 2 wide
range of values for R, n low- and high-salt solutions
{profiles not shown) We found that in the case of the
hagh-salt samples, the calonmetric scans were reversible
for the whole range of mncubation ratios R, used in our
study The scans were also reversible for low-salt sam-
ples and R, > 30 In the case of the lJow-salt samples for
R, = 30, heating scans always gave a simpler, less struc-
tured transition profile than did the coolng scans (The
fatter showed @ smaller peak on the low-temperature
side of the main transiton profile )

Figs 2 and 4 show the transiion enthalpies, AH,
normalized to the enthalpies of the free hpd, AH,,
plotted vs the corresponding bound protem-to-hpd
molar ratos, P/L, for the low- and high-salt expun-
ments, respectively The corresponding values for AH,
were found 10 be 8 3 and 6 6 kcal,/mol In the case of
Fig 3, the results from the low-salt binding experiments
were used to correct the molar incubation ratios R, for
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PROTEIN-TO-LIPID MOLAR RATIO P/L
Fig 4 Plot of the transition enthalpy AH vs bound protein-to-lipsd
molar raue P/L for DPPC FUVs moubated with melitin at vanous
bpid to-protem molar ratios The bulfer was 50 mM Tas/10 mM
EDTA/2 M 13aCl (pH 71 prepared 1n thply distilled water The
enthalpies have been normalized to that of the vesicles in the absence
of proten, 4 Hy = 6 6 kcal/mol The straght line represents the best
fit 10 the data for a y-mtercept equal to unuly The slope, which pives
the number of boundary hpad malecubss per p molecule, was
determuned to be 41405 Frotem,hpid samples for which the pro-
files extubied more than a single peak (R, < 40) were excluded fram
thas graph.

the presence of free protein 1n order to obtan the molar
ratios of bound melittin to iprd Fig 5, which shows the
percentage of bound melitin as a function of R, for
samples 1n low-salt solution, was used to carry out this
correctton * The clustenng of points m Fig 3 at a
protem-to-hpid molar ratic of about 001 15 due to the
fact that, below an incobation rauo of R, =100, the
hpid vesicles rapidly approach bemng saturated with
melittin to the mimmum Limd-to-bound-protein molar
ratio of 93 No correction of the mcubation ratios was
necessary in the case of Fig 4, as in lugh-salt solutions
we have found that mehitm 15 compietely bound over
the range of values shown. Ax can be seen, the low- and
hagh-salt data are fitted quute well by straight lines and
can be modeled by the equation [28)

* The solsd bine shown i Fig 5, wtuch 1s scen to it the data juite
well, was obtaned from a Scatchard-plot analysis of the dala
Values of K =(24+04) 108 M~ and n = 93 +20 were obrained
for the binding constant and the number of lipids per melitnn
binding sile, respectively These valucs are of the same order of
magnitude as those ot 1 for other mel /bpid sy [16.,26)
We nale that at low Lpid-te-protein molar incubation rauos, R,,
mehittin forms nonvesicular structngs [27] which presumably have
o different affimuty for melitin than do FUVs Therefore, the
binding cannot be assumed ta be © ble and this d t
should be considered as beng oily phenamenoclogical The data
were obtaned from individual samples prepared with the desired
values of R (as were the samples used in the calonimetnc measure-
ments), not from a single hpid sample that was uirated with
mehtun Consequently, these considerations i no way affect the
data analysis which yields the number of boundary Lipds per
protein or the presentation of the data in Fig 3
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where {(1,) 18 the average number of boundary hpid
molecules per protemn molecule and £/L 1s the molar
ratio of bound protein to ipid Least-squares fits to the
data using this model gave values for the slope of
99 +87and 41 + 05 hpid molecules per protein mole-
cule for low- and lugh-salt conditions, respectively
(Data for mehttin-to-lypad ratios which extubsted two
peaks i the transihion profiles, R, < 30 for low-salt and
R, < 40 for lugh-salt solutions. were excluded from Figs
3 and 4 and from these calculations )

Discussion

Previous work has shown ihat melittin exerts a strong
perturbing mfluence on the order and dynamucs of the
hpid acyl vhams [7,29,30] Mebtun has also been re-
ported to pos»ess fusogemie actmaty [31-34], the rate of
which was recently shown to be strongly dependent on
the state of aggregation of the protemn in solution [33]
The effects of the protein are quite strong and seem to
stem ot only from the direct perturbing influeace that
1t has on the imd molecules n ats immediate vicimty
but also from 1ts ability to induce large-scale structeral
reorgamzation of hpid vesicles

In the present work we show that the addition of
mehittin at low values of R, to FUVs composed of the
zwiiteniome phospholiptd DPPC results mn transiion
profiles which have two peaks We note that FUVs of
zwitteriome phosphohpuds have been reported to un-
dergo fusion 1n the presence of mehitm [31]1 Also,
multilameHlar and small undamellar vesicles of zwat-
tcrionie phospholipads have been shown through elec-
tron mcroscopy, Light scattenng and gel filtrauon [27)
to form a heterogeneous population of vesicles and
nenvesicular structures for values of R, smaller than 30
In this heterogeneous distnbution, new structures,
formed through the fusogemc properties of the protem,
were found to coexist with the remaimng nonfused hpid
vesicles The existence of the distinct peaks seen for
small values of R, w the thermodynamc profiles pre-
sented here (Figs. 1 and 2) may be the result of melitun
having induced only some of the vesicles to fuse and so
produced a heterogeneous population of hmd vesicles
which exhitnt differing meltng behaviors An alierna-
tive explanation for the ongin of this phenomenon 15
pliase separauon [In the vesicles used here, which were
composed of a single type of hpud, this corresponds to
the segregation of membrane-bound melitun nto pro-
tein-rich domains n the hlayer, wath the cancormtant
formatcn of protein-poor domams The vanous do-
mamns with thew different local hipid-to-piotein ratios
would presumably exhibit differeni lymd meltng pro-
files On the basis of these data we are not able to
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chonwe hetween this hypothests and that based en the
formation of heterogeneous strucinres through {uson
We are attempting to address this 1ssue through engomng
work in our laboratory We note that two studies which
wicluded calonimetnc measurements, obimned data for
low hpid-to-mehttm molar ratios and tetramenc melit-
tin i solution which the authors have interpreted as
exhibiing melittin-induced phase separation Rernard
et al [4] for negatively charged dimynstoylphosphatdic
acid multilameliar vesicles, aad more recently, Baten-
burg ct ai [26] for dielawdoylphosphatidylethanclamune
multilamellar vesicles

In companng the fusogemc properties of mehitin
the cases of low- and lugh-sait solutions, 1t 1s of mnterest
to note that a recent study [33] has reported a much
gher rate of fusion for the latter. This may ndicate
that the mecharusms of fusion are also ditferent For the
high-salt solutions used 1n t.e present study, mehtun 1s
almost completely bound for values of R, at least as
low as 25 (the lowest rati we have used here), whereas
for low-salt solutions it 15 gssentially bound for R
values down to about 100 (100 1s approximately the
mimmum molar rato of lipid to bound protein, this can
easily be deduced from the data presented m Fig §}
Consequently, the evolution of the thermal transition
profiles as R, decreases for the former solutions (Fig 2)
stems exclusively from the effect of bound mebttin,
whereas for the latter solutions (Fig 1) free mehttin
appears 1o make a contnibuvon as well for R, < 100 H
melitan which 1s frew 1 soluticn plays a rowe 1 vesicle
fuston, then this process presumably becomes more
efficient as the amounnt of free melttn mcreases for
values of R, progressively lower than 100 This cou'd
explain why the low-salt profiles conuinue to evolve for
R, £ 100, even though the ratio of hpid to bound mel-
tin remains virtually unchanged A plausib'e mechanism
for the enhancement of fusion by free mehtun may be
the formation of protemn bnidges between apposed
vesicles This could be accomplished by the anchonng
of the positively charged N- and C-termm of the pro-
temn on the outer surfaces of the two bdayers This 1ype
of mechanism (i1e, bridge formation) has been sug-
gested to explain how the Ca’*-mduced husion of
charged vesicles 1s facihtated by the adrenal medullary
proten synexia [35] and also how poly(L-lysine) causes
the fuston of vesicles composed of dipalmitoylphospha-
tdylglycerol [361

In preparing the ipid/ melittin samples used m s
study we have observed that for low values of R, (less
than about 30) the low-salt samples show a considerahle
nerease 1 furbicity when they are allowed to warm
above T, Ths suggesis that for samples with R, <30
the discoidal and/or other nonvesicular structures
formed through the fusogeruc properties of mehttm [27]
may coalesce to form larger structures when the sample
temperature 1s allowed to pass above T, Such a transi-
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Fig 5 Plot of the percent of total melttin added whuch 15 bound to
DPPC FUVs i 50 mM Tns/10 mM EDTA (pH 7) buffer at 41°C,
as a function of the kpid-to-protein molar cebation ratio R, Open
wwreles denote values obtamed usmg ultraceninfugation, whereas closcd
arcles aenote values obtmned using fluozescence amisotropy {see
Matenals and Methods) These data were used with the molar incuba
tien ratios &, to oblan the molar ratio of hound melitun to hpwd for
the data prassnted in Tig. 3 Also shown 1s the best fit to 1he data
(sohd Lne) whuch was generated using the epparent values for the
bindmg constant {K =24 10° M) and the number of hpuds per
pratein binding site (93) obtazined via a computer analysis of the data
{sce furst tootnote) The data and curve are for a pid concentration of
1mM

tion from nonvesicular to vesicular structures was previ-
ously observed for melittin mncubated with DPPC mult-
lamellar vesicles at low hpid-to-melryin molar ratios
{37] Ouwr calonmetrnic measurements made on low-salt
samples reveal that the transiion profiles are reversible
for R, z 30 and srreversible for R < 30 (see Results)
The nonvesicle-to-vesicle transition may be the source
of this ‘irreversimbity’ for the latter ratios It may he
argued that the scannung rate used in these experiments
(20 C° /) 1s too fast for thus process, which 1§ taking
place 1 addition to the melting of the lipid acyl chains,
to zdequately approximate equilibnium thermody-
namics Scanmng at 10 C° /h, the slowest rate possible
for the MC2 nucrocalonmeter, did not sigmuficantly
change the melting behavior, however Alternatively, the
samples may be showing true irreversibility or hyster-
ests-like hehavior, so thai the types of structure one
ends up with (in, for instarce, passing through 7;) may
depend on those with which one started Concerming
this latter possibility, however, we observed that for
repeated heating and cooling scans performed 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
i the heating and cooling scans made on hgh-salt
samples Ths may be the result of the sali 10ns having
stabilized the structures which were formed through
mehttn-tnduced fusion, so that upon passmg through
the bpid T, they do not coalesce, unhke what we
suggest may be the case for the low-salt samples with

small values of R, In thus respect, we did not observe a
sigmficant change in the tunbidity of high-sait samples
with low values of R, when they were cycled through
the bpid transition temperature This 15 1 contrast to
the behavior of the low-salt samples An allernative
explanauon for the difference in reversibiity seen be-
tween the low- and high-salt samples 1s that fusion as
duced by tetramenc mebttin may lead to structures
that are mherently more stable than those that are
formed through monomer-induced fusion With regard
to thus latter hypothesis, monomernc and tetrameric
melittin have been reported [33] to cause greatly duffer-
ent rates of vesicle fusion This suggests that they may
also have different fusion mechamisms, which may lead
to dufferent structures bemng formed m the two cases

There has been con<derable discusston concerming
the conformation and state of aggregation of mem-
brane-bound melitin beveral models for the former
have been considered, including the wedge [38,39], the
trans-membrane a-hchix 139] and an a-hehx with its axis
parallet to the bilayer surface [40] These models all
assume that the protemn exists as a monomer when
bound to the membrane Conflicting conclusions have
been reached, however, concerning the state of aggrega-
tion of melittin i lpad vesicles [17-19] These studies
have used the techmque of resonance energy transfer
and have reported very different findings for melittin
bound to dimynstoylphosphatidylchobne small un-
fameliar vesicles Hermetter and Lakowicz {18] have
concluded that bound melittin 15 monomenc m the
presence and m the absence of 2 M NaCl, whereas
Vogel and Jdhmg [17] have concluded that 1t 15 tetra-
mene m the absence of 2 M NaCl Talbot et a1 {19]
have found that the state of aggregation of membrane-
bound melithn depends on the salt concentration
Low=salt solutions were found to have mehittn bound as
a monomer, while selutions which contamm 05 M NaCl
were found to have mehttin bound as a monomer and
mixed oligomeis Vogel and Jahmg [17] have also pre-
sented a model for the tetramer that consists of four
bent a-helices (the melitin monomers) whe~h are ap-
proximately parallel with one another and which are
onented so that the hydrophiie anunc-acid residucs are
on the mside of the tetramer (which may serve as a
channel or pore [41,42]} The hydrnphobic residues are
on the outside and are exposed to the apolar interior of
the tilayer 1nto which the aggregate 15 embedded (see
Fig 10, Ref, 17), As was pomted out by Talbot et at,
{19], the differirg results of the three resonance energy
transfer studies [17-19] regarding the staie of aggrega-
uon of membiane-bound mehtun may be due to dif-
ferences m the types of protein modification made

In addion (0 the above resonance energy transfer
studies, Stamslawski and Rutergans [11] have used *C-
NMR to mvestigate the conformation and state of
aggregation of membrane-bound mehttn They have



stuched the binding of tetramenc meltun * (labeled
with two 1> C-methyl groups each at lysine residues 7, 21
and 23) to dumynstoylphosphatidyicholine umlamellar
vesicles Under these conditions, they report that melit-
tin binds as a monemer having the wedge conformation
Considering the disagreement that exasts between the
results of these studies [11,17-19], all of which used
chemucally modified mehitun, it would be ot great mter-
est to obtamn information about the state of aggregation
of nonmodified meliin m hpd vesicles, The results of
the present study provide such information which 15
discussed below

The shape of the a-helical monomer may be ap-
proxumated by a cylmder which has a radis of 5 A [43]
and a length that would just span the bilayer [17] Iis
cross-seetional arca 15 thus almost identical to the
headgroup area of DPPC above the transibion tempera-
ture [44] For hexagonal packing of the Lipid molecules,
one would therefore expect that for a melitin monomer
which spans the bilayer each protein molecule would be
surrounded by 12 hpid moelecules (six 1 cach leaflet of
the biayer) The protemn would presumably prevent all
12 lipid molecules from participating mn the phase tran-
sition, so that 12 would be the predicted number of
boundary hipids wn this case In contrast to ths, the
model proposed by Yogel and Jahmg [17] for the mem-
brane-bound tetramer suggests that the protein aggre-
gate would be surrounded by approx 20 hipid motecules
(ten 1 each leaflet of the bilayer), or five hpid male-
cules per protemn molecule Our resnlts show that for
high-salt solutions in whuch mehitm 15 tetramenc each
bound proten molecule removes between four and five
lip1d molecules from participatng 1n the phase transi-
tion Ths findrag 1s i good agreement with our predic-
tson winch 1s based on the tetramer model of Vogel and
Jihnig For other models of the membrane-bound
monomer, mehttin would sull possess boundary hpids
much greater in number than that which e have found
for the high-salt solutions For the wedge model, each
half would seem to be m coniact with six hipud mole-
cules Also, for a monomer only partially embedded
into the bilayer, the hydrophobic segment would be
surrounded by six lipids and, 1n addwion, the segment
bound 10 the membrane surface weuld perturb the hpid
molecules beneath 1t Thus, despite the different possi-
ble conformations for a membrane-bound monomer,

* Unlike the present study and these of Rels. 17-19 these authors
have oblained tetrament mekitn m solution by using a very tugh
conceniration of meliiin in a low.salt selution With respect to this
differar &, wome eifects may play a role 1 the binding of melitn to
vesicies 0y shielding charges on the bpid and on the protein The
lugh mebittm congentrations needed to ensure a melittn tetramer m
low-sall solution, however would have necessitated our using ex-
tremely high hiprd concentrauons {up to about 500 mM) These
pose serious techmcal difficulties that prevented the quantificatien
of these effects m the present study

1m

there 15 a significant difference between ther predicted
number of boundary bpids and that predicted by the
tetramer madel * The fact that our value for the num-
ber ot bourndary Lipids 1s shightly lower than that predic-
ted by the latter may be due to simphfying assumptions
made about the sizes and packing of the hpid and
protein mulecules, and to the presence of some higher-
erdsr melttin ohgomers wiuch would serve to lower
somew hat the measured number of boundary hipds per
protein A transmembrane melittin hexamer, for exam-
ple, would possess 24 boundary hipids (12 in cach leaflet
ot the bilayer), or four hipids per protein molecule That
our tnference regarding the state of aggreganon of
hpid-bouad mehtun differs somewhat from that of
Talbot et at [19), who found monomers and muxed
ol:gomers at a conceniration of 05 M NaCl, may be
due to differences in the salt concentration used For
the concentrauon of mehttin used m Ref 19, the pro-
temn 15 not completely tetramenc m solubion at 05 M
NaCl. whereas for the mehttin and salt (2 M NaCl
concenwrattons used n the present study the protem 1s
completely tetramen 2 selution [3]

En 'ontrast to the above, the sesults of our expen-
ments e low-salt solutions where melitun is monomenc
suggests that mehitin binds to lipid vesicles as a mono-
mer under these conditions This is evidenced by the
good agreement between cur value for the numnber of
vourdary hpids per protemn (ten) and the number pre-
dicted by the different models (approx 12, depending
on 'he degree of wsertion of the protein into the bi-
taycr)
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