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Morphological changes induced by the melittin tetramer on bilayers of egg phosphatidylcholine and 
dipalmitoylphosphatidylcholine have been studied by quasi-elastic light scattering, gel filtration and freeze- 
fracture electron microscopy. It is concluded that melittin similarly binds and changes the morphology of 
both single and multilameilar vesicles, provided that their hydrocarbon chains have a disordered conforma- 
tion, i .e, at temperatures higher than that of the transition, T m. When the hydrocarbon chains are ordered 
(gel phase), only small unilamellar vesicles are morphologically affected by melittin. However after 
incubation at T >  Tin, major structural changes are detected in the gel phase, regardless of the initial 
morphology of the lipids Results from all techniques agree on the following points (i) At low melittm 
content, phospholipid-to-peptide molar ratios, R, >30 ,  heterogeneous systems are observed, the new 
structures coexisting with the original ones. (ii) For lipids in the fluid phase and R, > 12, the complexes 
formed are large unilamellar vesicles of about 1300 + 300 A, diameter and showing on freeze-fracture images 
rough fracture surface~. (iii) For iipids in the gel phase, T <  T~ after passage above T m, and for 5 < R, < 50, 
disc-like complexes are observed and isolated. They have a diameter of 235 + 23 ~, and are about one bilayer 
thick; their composition corresponds to one melittin for about 20 + 2 lipid molecules. It is proposed that the 
discs are constituted by about 1500 lipid molecules arranged in a bilayer and surrounded by a belt of melittln 
in which the meilitin rods are perpendicular to the bdayer. (iv) For high amounts of melittin, R, < 2, much 
smaller and more spherical objects are observed. They are interpreted as corresponding to lipid-peptide 
comicelles in which probably no more bilayer structure is left. It is concluded that melittin induces a 
reorganization of lipid assemblies which can involve different processes, depending on experimental 
conditions: (i) vesicularization of multibilayers; (ii) fusion of small lipid vesicles; (iii) fragmentation into 
discs and micelles. Such processes are discussed in connexion with the mechanism of action of melittin: the 
lysis of biological membranes and the synergism between melittin and phosphohpases. 

Abbreviations DPPC, dlpalmltoylphosphatldylchohne egg 
PC, egg phosphatldylchohne. SUV. somcated umlamellar 
vesicles MLV, multllamellar &sperslon R., phosphohpid-to- 
mehttln molar ratm R c, phosphohpld to mehttln molar ratio 
in the complexes 

Introduction 

Despite mtens~ve studies on mehttm-phos- 
phollpld systems, our knowledge of the real mech- 
anism of lysls, or morphological perturbations of 
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bllayers and membranes,  induced by this amphl- 
pathic peptide is still scarce and controversial 
This is in spite of interesting results already ob- 
tained on the structure and the dynamics of the 
peptide [1-3], lipids [4-6] and their interactions 
[7,8] Since the early study by Sessa et al [9], it is 
well established that mellttln increases the per- 
meabihty of hposomes to small solutes and that 
some fragmentation of bilayers can be detected by 
negative staining electron rmcroscopy More re- 
cently, several authors have mentioned a clearing 
of lipid dispersions In the presence of large 
amounts of the peptlde and at high concentration 
[5,10] However, until the work of Prendergast et 
al [11], no at tempt was made to characterize such 
llpld-mellttin complexes These authors showed by 
light scattenng that mehttln induces several 
changes in the diameter of hpld vesicles of di- 
myristoyl- and dipentadecanoylphosphatldylcho- 
line However, several points in this study are 
questionable due to the degradation of hpids by 
residual phosphollpase activity [5,6] In order to 
clarify this situation and, at the same t~me, obtain 
precise lnformatmn on the nature of morphologi- 
cal changes reduced by mehttln on hpids, we have 
undertaken a combined light scattering, gel-filtra- 
tion and freeze-fracture electron microscopy study 
on mehttin-phosphatldylchohne systems (egg and 
dipalmltoyl) 

The results obtained allow us to answer two 
important questions 

(1) Does mehttln induce small size lipid-peptlde 
complexes and, If so, what IS their structure 9 

(11) Does mehttin Induce a general reorganisa- 
tlon of hpid bilayers, m connection with the re- 
cently documented fusion of vesicles [12,13] ~ 

Materials and Methods 

Mehttln used throughout this study was either 
purified by HPLC as already described [5] or 
obtained from Bachem Feinchemikahen AG 
(Switzerland) and used without further purifica- 
tion In all cases, EDTA was added in order to 
inhibit any possible residual phosphohpase actw- 
ity Most of the experiments were done with mellt- 
tin of both origins and gave identical results 

Dipalmltoylphosphatidylchohne (DPPC) was 
from Sigma or Medmark (Darmstadt,  F G R )  

The lipid dispersions (MLV) were effected by 
hydration of the dried liplds with 20 mM phos- 
phate buffer at T > T m and vortexing The vesicles 
(SUV) were obtained by sonication for 5 rain at 
T > T m with an Annemasse F50 sonlcator 

For freeze-fracture electron microscopy, the 
samples were prepared in a 100 mM phosphate 
buffer (pH 7 5), 10 mM EDTA, containing 25-30% 
glycerol The final DPPC concentration was kept 
constant at 15 mM and the amount of mehttin 
was varied accordingly to obtain the desired R, (R, 
is the molar ratio Phosphohpid /pept lde  in the 
incubation rmxtures) The small drops of prepara- 
tions were deposited on conventional Balzers gold 
planchet and rapidly frozen In liquid propane 
Fracturing and rephcatlon were performed using a 
Balzers BAF 301 freeze-etching umt equipped with 
an electron gun for platinum-carbon shadowing 
The replicas, after digestion of organic material 
with chromic acid and washing with distilled water, 
were exarmned in a Phdlps 301 electron micro- 
scope In order to estimate quantitatively the size 
and volume occupied by the objects, several pho- 
tographs with several hundreds objects from dif- 
ferent experiments were treated [14] The experi- 
mental total volume occupiedwas defined as V = 
(D/2)3  × 4Tr/3 × N v, where D is the average di- 
ameter of the objects and N, the average number 
of objects per unit volume [14] The partial specific 
volumes of mehttin and DPPC, 0 75 and 0 975 
cm3/g, respectively, allowed calculation of the total 
volume of objects 

Gel-filtration experiments were done on a 40 × 
1 5 cm Sepharose 4B column at constant tempera- 
tures of 10 and 20°C The column was equi- 
librated and loaded with 10 mg of pure DPPC in 
order to improve the recovery of the hplds The 
flow rate was about 8 m l / h  and 1-1 4 ml frac- 
tions were collected The column was calibrated 
with blue dextran, thyroglobulln, catalase and 
carboxyfluorescem The calibration curve which 
fitted that expected [15], pern-ntted estimation of 
the hydrodynarmc radius, R u (Stokes radius), of 
the species Experiments were also performed at 
10°C on a 20 × 1 2 cm Sephadex G-50 column in 
order to separate hpid-mehttin complexes quickly 
from free peptlde In the eluate, the concentration 
of mehttin (M r 2840 for the monomer) was de- 
terrmned (i) by absorption %~o=5600 M -~ 
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c m - 1  after subtraction of  the eventual scattering 
contr ibut ion calculated by extrapolation of  the 
scatter]ng m the 650-350  mn range, (]0 by fluo- 
rescence at 360 nm,  at this wavelength the quan-  
tum yield ~s the same for free and bound  meht tm 
under  the c o n d m o n s  used hereto [16] Phosphoh-  
p]d content  was estimated by 14C rad]oactlv]ty 
measured by hquld scmtdlatxon counting This 
allowed calculation of the real molar  ratio of  both 
components  within the complexes, R c = phospho-  
h p t d / m e h t t l n  

Llght-scatter]ng changes at 90 ° were first 
momtored  using a classical spectrofluorometer  
Quantt tat lve measurements  were carrted out by 
quasi-elastic hght scattering us]ng a Kryp ton  ion 
laser at )% = 647 nm (Spectra Physics series 2000) 
The correlation funct]on of  the scattered hght was 
recorded at 90 ° angle with fast chpped real time 
correlator (ATNE,  Paris, France) with 100 chan- 
nels and a time resolution of  10 ns The homodyne  
detection of  the scattered 1]ght was performed 
with a d]g]tal pho ton  count ing device (Malvern 
Instruments,  U K )  Correlat ion times were mea- 
sured with a 10% accuracy talong into account  
bo th  the deviations from the techmque and the 
reproduc]bd~ty from sample to sample The auto- 
correlat]on funct]on of  the scattered light was 
fitted using the method of  cumulants [17] 

In order to cahbrate  the s~ze of  part]cles, urn- 

form polystyrene latex beads of  known diameter, 
380 __+ 25 and 800 _+ 40 .4,, f rom Interch]m were 
used both m quasi-elastic hght scattering and 
freeze-fracture measurements 

Results 

Morphological changes detected by hght scattering 
When meht tm is added at a molar  ratio R, -= 20 

to D P P C  &sperslons m their gel phase (4°C),  no 
change in the hght scattering is detected Con- 
versely, no change m the fluorescence of  mel]ttin 
is detected, lnd]cat]ng that no interaction occurs 
However, when the temperature of  that mixture is 
increased, as shown m F~g 1, the scattered inten- 
sity severely decreases at temperatures T >  30°C 
down to a plateau value obtained m the flmd 
phase, t e T >  41°C When the temperature of  the 
same sample ]s decreased, a new decrease in the 
scattered intensity occurs below 41°C Then, at 
room temperature, a dramatic  clearing effect of  
the mitml &spers]on is obtained Further  heating 
and coohng scans are superimposed, m&ca tmg  
that no further change on the overall shape of  
particles occurs m the ume scale of  a few hours 
When s]mdar experiments are done using higher 
amounts  of mellttin, as shown in Fig 1 for R, = 2, 
the clearing of  the solution also appears on the 
first heating through the t ransmon domain How- 
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Fig 1 Lzght scattered intensity at 480 nm 
versus temperature for DPPC dispersions m 
the presence of different amounts of mehttm 
Peptlde IS added at 4°C to the preformed 
dispersions R, = 20 O, first heating, C) 
coohng and consecutive scans R, = 2 + 
first heating, ×, coohng and consecutive 
scans 20 mM phosphate buffer, 1 mM EDTA 
(pH 7 5), [DPPC] = 8 mM 
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ever, on decreasmg temperature and for any fur- 
ther scan, no more change can be detected, the 
solution remaining totally clear whatever the tem- 
perature 

A more quantitative study of this system has 
been performed by quasi-elastic hght scattering, 
and the results obtained at 21°C after mcubatton 
of the sample at 50°C are plotted on Fig 2 
Dtsperstons of DPPC can be analyzed as large 
species of 1 3-1 5 /~m radius The addition of 
small amounts of mehttm induces an increase in 
their apparent size up to about 3/~m for R, = 50. 
followed by a decrease in R u for lower R, values 
(Fig 2) The system becomes qutte heterogeneous 
for R, values lower than R, = 4 0  In order to 
check for the presence of small objects, such sys- 
tems have also been investigated after low-speed 
centrlfugatton (10 mln at 6000 × g) which pellets 
the large particles As shown in Fig 2. small 
objects remain m the supernatant, their size in- 
creasmg from R H = 430 A up to about 2800 A for 
R , =  100 Further addition of mehttm results in a 
drastic decrease m the size down to R H = 150-200 
~. for R, = 50. followed by a monotonous decrease 
of R H down to a hrmtmg value R H = 8 0  .~ at 
R , =  5 For R, < 13. large particles of several mi- 
crometers completely vanish, and the correlation 
decays are reasonably well fitted by a smgle ex- 
ponential Despite observatton of heterogeneous 
systems above R, = 13. one has to mentton that in 
both cases, with and wtthout centrlfugation, meht- 
tm first induces an mcrease m the size of species 
before decreasing tt drastically for 50 < R, < 100 

Since the hydrocarbon chains of egg PC are, at 
the temperature of experiments, in the fluid c~ 
conformation, no incubation at higher tempera- 
tures was needed to study the effect of melittm on 
egg PC dispersions behaviour Dispersions of egg 
PC are also detected as large objects of about 1 6 
/~m (Fig 2) The addition of mehttm results di- 
rectly tn a very drastic decrease of R H up to 
R , = 2 5 .  then R H remains almost constant, at 
1700.~, for 1 3 < R , < 2 5 .  as seen in Fig 2 When 
more mehttm is added, at R, < 13, a new sharp 
decrease in  R H is observed from R H = 1700 A 
down to R .  --- 150 ~. Further addlbon of mehttln 
results m a progressive decrease down to R H = 80 
.~ for R, = 7 After looking at the effect of hptd 
chains m different states, in the hquid crystalline 
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Fig 2 Hydrodynanuc radu, R H of hpid-peptlde systems 
versus R,, for hpids m different physical states, obtained by 
quasi-elastic light scattering Initial state of the hplds EPC 
somcated vesicles (o), EPC multdamellar dispersions (H) 
DPPC multllamellar dispersions (A), similar but after centrffu- 
gauon of the pepude-hpxd system (v) 20 mM phosphate 
buffer/1 mM EDTA (pH 7 5) Phosphohpid concentration was 
2 6 mM, temperature, 21°C 

and gel phase for dispersions egg PC and DPPC. 
respectively, it was interestmg to document the 
behavlour of melittln towards morphologically 
different systems, i e ,  somcated vesicles As shown 
in Fig 2, e~g PC vesicles which have an tmtial size 
R H ---540 A. increase their hydrodynamic radius 
up to R .  ~ 1400 .~ when mehttln is added up to 
R, = 17, then R H remains constant up to R, = 13 
Further addition of mehttin again drastically de- 
creases R H down to about 150 A for R , =  12 
Interestmgly such a sharp decrease is strmlar to 
that already found for egg PC dispersions (Fig 2) 
Fmally, increasing mehttm amounts up to R , =  3 
results only in a smooth variation of R .  followed 
by a plateau corresponding to R H = 50 .~ The 
static scattered intenstty has also been measured 
independently tt first increases 4-fold when meht- 
tin is added up to R, = 26 and afterwards de- 
creases for htgher mehttin amounts, but in a more 
progressive way compared to the sharp drop of 



R H value at  R, = 13 (da ta  now shown) 
In  o rde r  to invest igate  the behav lour  of  m e h t t m  

in the presence of  low amoun t s  of  hpids ,  experi-  
ments  were carr ied  out  by  add ing  egg PC &sper -  
stuns to a mel i t t ln  so luuon  F o r  pure  meht tm,  
which is in the te t ramer lc  structure,  a value of  
RH = 20 ,~ was found,  this agrees with that  pro-  
posed  in the l i te ra ture  [18] A d & t l o n  of lil~lds 
~mmedlately results in an increase of  RH, 35 A < 
R H < 130 .A for 1 4 < R, < 7, values in good agree- 
ment  with those a l ready  found  in Fig  2 At  inter-  
med ia te  R, values, 10 < R, < 28, a p la teau  of R n 
is observed  which cor responds  to R H -- 1800 ,~, a 
value very close to that  a l ready  found  bo th  for 
M L V  and SUV in this in t e rmed ia ry  range of  R, 
(da t a  now shown) 

The au tocor re la t ion  funct ion,  g ( : ) ( r ) ,  was gen- 
eral ly  a lmost  monoexponen t l a l ,  except  in the re- 
gions where R n values vary s t rongly  This is il- 
lus t ra ted  in F ig  3, where the exper imenta l  decays  
are shown for two character is t ic  systems egg PC 
vesicles plus  meht t in  at R, = 17 (which corre-  
sponds  to the i n t e rmedmry  p la teau  of  R n values 
a l r eady  men t ioned  in Fig  2), and  egg PC vesicles 
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Fig 3 Autocorrelatlon funct,ons of the scattered hght for two 
representauve systems of EPC vesicles m presence of mehttm 
R,=17 (o) and R , = 7 4  (O), the continuous curves are 
calculated by the cumulant method 20 mM phosphate buffer/1 
mM EDTA (pH 7 5), [EPC] = 2 6 mM, temperature, 21°C 
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plus  meh t tm  at R, = 7, re levant  for small  pa r -  

ticles In these cases the cumulan t  me thod  gives a 
good  fit, with a relat ive variance,  t~2/I "2, of abou t  
0 2, indica t ing  a fair ly homogeneous  popu la t ton  

Detectton and analysts of hptd-pepttde complexes by 
gel-flltratton 

Gel- f i l t ra t ion  exper iments  were done  on a 
ca l ibra ted  Sepharose  4B co lumn which permi ts  
analysis  of changes in the slze of  SUV As shown 
in Fig  4, at 20°C,  freshly p repa red  concen t ra ted  
so lu t ion  of  D P P C  sonlca ted  vesicles ( 5 - 1 0  m g / m l )  
elute as a single ma jo r  peak  at V~ = 20 ml when 
de tec ted  by  14C rad loacuv t ty  A minor  peak  at the 

excluded volume, V 0 = 10 8 ml, indicates  the pres- 
ence of  small  amoun t s  of  h igh-molecular -weight  
species, e i ther  agregated vestcles or  non-d ispersed  
hp ids  When  m e h t t l n - D P P C  complexes  are formed 
by  incuba t ion  at 5 0 ° C  and then loaded  on the 
co lumn at 2 0 ° C  for R, = 3 0 ,  a qui te  different  
pa t t e rn  is observed the amoun t  of hp ids  excluded 
at V 0 Increases, whale a new sharper  peak  elutes at 
V e = 218  ml F r o m  the cahbra t lon  curve (cf 
Mater ia l s  and  Methods)  one can deduce  an hydro-  
dynamic  radius  of  the complexes,  R H ~ 72 ,~, I e ,  
par t ic les  smal ler  than the mit tal  SUV of  pure  
hptds  When  mcreasmg the meht t ln  content  in the 
incuba t ion  m~xture, this last peak  becomes pre-  

-- DPPC SUV ¢~m 

..-*iVlEL IR, 30 

~, 5 SUV 

- -  R , = 5  MLV 

Vo . V t 

r L i ~ 

]O 20 30 Vml 

Fig 4 Elutlon profdes on Sepharose 4B of mehttm-DPPC 
complexes followed by 14C-labelled hplds 0 2 ml of the in- 
cubated mixtures were loaded onto the column, [DPPC] = 13 6 
mM 100 mM phosphate buffer/1 mM EDTA (pH 7 5), tem- 
perature, T= 22°C V o and V t are respectzvely the excluded 
and total volume of the column 

2000 
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dominant but remains sharp at almost the same 
elution volume V~ = 22-23 ml, corresponding to 
R n----66-70 A At R , = 5 ,  as shown on Fig 4, 
only tins hpld peak is detected, indicating that all 
the lipids are reorgamzed into small particles 
Simdar experiments with DPPC dispersions in- 
cubated with mehttin above T m gave sdentlcal 
results (Fig 4) 

When the elutlon profile is followed both for 
hplds and for the peptlde (Fig 5) further conclu- 
sions can be drawn (1) a corresponding peak of 
mehttin is coeluted w~th hplds at V~---22-23 ml, 
(u) a peak of free meht tm is well resolved at 
V~ = 28 ml, and its intensity increases with the 
amount of mehttin m the mcubauon mixture Due 
to its concentration and buffer condmons,  meht- 
tin elutes as a tetramer [19] 

Fluorescence emission spectra of meht tm along 
the elution profile compared to prewous binding 
studies [16] confirm that mehttln is free m solu- 
tion m the latest peak, whde ~t is bound to hp~ds 
m the first one 
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F~g 5 EluUon profiles on Sepharose 4B of DPPC multflamel- 
lar d~spers~ons incubated w~th mehttm at R, =15 + 14C 
rad~oactlwty of hp~ds, ©, A at 280 nm, @, fluorescence 
intensity at 360 nm (excltauon 280 nm), A, R c = molar ratxo of 
DPPC to mehttm m each fraction experimental condmons 
identical to those in Fig 4 

Finally, the hpid-to-peptlde molar ratio along 
the eluuon profde can be esumated from the 
concentrations of each reactants in all fracuons 
(cf Materials and Methods) The obtained values 
of R c --[PL]/[mel]  m the complexes are reasona- 
bly constant along the peak of small particles (Fig 
5) This indicates the existence of a relatwely well 
defined 'stolcinometry'  for the complex with R~ --- 
23 for 5 < R, < 15 (Table I) The parUcles elutmg 
at larger volumes, V e --- 28 ml, have R~ < 1. whde 
for those elutmg at V 0 (Fig 4) the R c values 
(R~ > 200) are very Ingh and not constant In an 
independent experiment, an aliquot of the DPPC- 
meht tm complexes eluted at Ve = 23 ml was re- 
loaded onto the same column Complexes were 
again eluted at V =  23 ml w~th an R~ value of the 
same order, but a peak at 28 ml corresponding to 
free meht tm was detected, winch shows that com- 
plexes slowly dissooated at 20°C on the column 
In order to hlmt such a dissocmtion of DPPC- 
mehttln complexes, gel-filtration experiments were 
done on a G-50 Sephadex column On such a 
column, hpld-peptlde complexes eluted at V 0, while 
free mehttln was included, this allowed a sep- 
aration in less than 10 mm For R, varying from 
15 to 5, the complexes have almost a constant 
composmon,  R~ --- 18 + 2 

Experiments done with dimynstoyl- instead of 
dipaltmtoylphosphatxdylcholine at 20 and 10°C 
also indicated that small size particles can be 
formed in the presence of mehttin for R, = 15 and 
R , - - 4  when starting both from dispersions and 
from somcated vesicles 

Finally, experiments similar to those shown m 
Figs 4 and 5 were carried out with egg PC at 
20°C, and quite similar results were observed 
However, at R, = 30, most of the hpids elute at 
the excluded volume V0, indicating that large-di- 
ameter particles are formed from SUV Con- 
versely, at R , =  5, mainly small-sized particles are 
eluted at V~ = 27 3 ml. corresponding to R H ~- 37 
.~ (Table I) Moreover, instead of the sharp peak 
of complexes observed with DPPC. the elution 
profiles with egg PC display a broad peak spread 
over a large domain of elutlon, which indicates a 
broad distribution of partxcles size From the re- 
spective contents of melittin and egg PC, the 
calculated values of R c are shown to vary continu- 
ously through the peak of the egg PC-mehttln 
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TABLE 1 

CHARACTERISTICS  OF MELITTIN-PC COMPLEXES F R A C T I O N A T E D  BY GEL-FILTRATION ON SEPHAROSE 4B AT 
T =  2 0 ° C  AFTER INCUBAT ION OF THE MIXTURES AT T >  T m 

EPC, egg phosphatldylchohne,  Mel, meht tm 

Experimental conditions Elutlon g d R H (A) R c = [PL]/[Mel] 
volume (ml) 

Phase Vesicle R, 

Gel phase DPPCsu  v 20 0 42 
DPPCsuv-Mel  30 21 0 47 79 50 ± 20 
DPPCMLv-Mel 15 22 0 52 70 24 ± 5 
DPPCsvv-Mel  5 22 9 0 56 66 21 + 5 
DPPCMLv-Mel 5 22 9 0 56 66 25 ± 7 

aDMPC-Mel  3 6 23 0 56 68 15 

Liquid crystal EPCsvv-Mel 30 26 4 0 71 44 
EPC MLv-Mel 15 25 0 66 51 
EPCsuv-Mel 5 27 3 0 76 37 

T -  = T m DMPCMLv-Mel 15 21 6 0 5 74 

Pure Mel tetramer 30 0 88 20 

2 5 + 5  

a At IO°C 

complexes from 200 to about 10 on increasing 
elut~on volume Therefore a d~strlbut~on m s~ze 
and composition does exist, and th~s could be 
related to a more significant d~ssoclat~on of the 
egg PC-mehttm complexes on the column com- 
pared to those of DPPC 

Structure of hptd-peptlde complexes as revealed b? 
freeze-fracture electron mtcroscopy 

Freeze-fracture electron microscopy is one of 
the most straightforward methods for studying 
lipid-water and proteln-hpld-water systems, pro- 
vlded that the freezing of the samples is rap~d 
enough to preserve their initial structure [20,21] 

Freeze-fracture images of pure d~sperslons of 
DPPC show, at 20°C, large hposomes, formed by 
regularly stacked, smooth lamellae The addition 
of mehttm, at R, = 30, has no appreciable effect 
on the general morphology of th~s system (Fig 
6A) Similar findings are observed up to R, = 5 
The differences appear only when samples are 
brought to 50 ° C, ~ e ,  when the hydrocarbon chains 
of DPPC are m the d~sordered, a, conformation 
Hardly any change is observed m the case of pure 
DPPC, while drastic changes, leading to the ap- 
pearance of large unllamellar vesicles (Fig 6B), 
are observed m the presence of mehttln at R, = 30 

When the samples are cooled down to 20°C, 
pure DPPC shows stacked lamellae, and DPPC- 
meht tm sample shows a coexistence of flat lamel- 
lae (large arrows on Fig 6C) and some new, small 
and flat objects (Fig 6C, small arrows) The 
amount of iamellae decreases w~th increasing con- 
centrat~on of mehttm, and, starting from R, = 15, 
only small and flat objects are seen for the sam- 
ples frozen from 20°C after the incubation at 
50°C 

For lower R, values, the general shape of the 
objects seems to become more spherical and their 
apparent diameter decreases from 190 .A at R, = 15 
to 120 ,~ at R, = 2 The total volumes occupzed by 
these particles, calculated as described m Materi- 
als and Methods, are reported in Table II These 
values agree with those calculated using the molar 
volume of DPPC and mehttm, assuming, in a first 
approx~matlon, that the objects are filled spheres 
For  extreme values of R,, R , =  2, the low amount 
of materml detected, compared to that expected 
(Table II), probably indicates that a slgmficant 
fraction of the material ~s not seen 

When meht tm is added to DPPC vesicles at 
20°C, the initial vesicular material (Fig 7A) is 
transformed to less well defined mostly flat ob- 
jects (Fig 7B), indicating a strong interaction be- 
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Fig 6 Freeze-fracture electron mlcrographs of DPPC &sperslons m the presence of mehttm R, = 30, and at &fferent temperature: 
(A) freeze-fractured from 20°C (B) freeze-fractured from 50°C (C) freeze-fractured from 2 0 ° C  after mcubatlon at 50°C 

TABLE lI 

TOTAL VOLUME OCCUPIED BY OBJECTS DETECTED BY FREEZE-FRACTURE ELECTRON MICROSCOPY 

Dlspersmns Vesicles 

R, 30 15 5 2 o¢ 15 " 15 

gt.alculate d 11 12 2 19 8 17 3 10 1 12 2 12 2 

Vexpertmental (8 3) 17 8 b 17 9 2 1 7 7 ~ 28 17  ~ 14  2 h 

d Without incubation at T > T m 

b Values reduced by about 50% are found for the discoidal symmetry 
Values corrected for the existence of an internal water volume 
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Fig 7 Freeze-fracture electron micrographs of DPPC som- 
cated vestcles with and w~thout added mehttln, freeze-frac- 
tured from 20°C (A) Pure DPPC vesicles (B) R L = 15 without 
mcubahon (C) R , = I 5  after incubation of the mixture at 
50°C Magmhcatlon 50000× 

Fig 8 Freeze-fracture electron mlcrographs of egg PC disper- 
sions m the presence and absence of mehttm T= 20°C (A) 
Pure hpid &sperslons, (B) R, = 30, (C) R, =15 Magmfica- 
t~on 50000× 

tween mehttm and vesicular DPPC, m contrast to 
the absence of any visible interaction w~th large 
multflamellar DPPC hposomes (Fig 6A) When 
the same sample is incubated at 50°C and frozen 
from 20°C, the small flat objects are formed (Figs 
7C, 10a), very slmdar to those observed prewously 
w~th the equally treated DPPC &sperslons (Fig 
6C) 

When mellltm is added to egg PC dispersions, 
the initial large multllamellar hposomes (Ftg 8A) 
are broken into large, heterogeneous m size, mostly 
undamellar vesicles (Fig 8B) The heterogeneity of 
the samples decreases w*th the increased amount 
of mehttm added, at R, = 15 for example, the 
mean &ameter of vesicles is 1730 _-+ 300 A (Figs 
8C and 10b) Contrary to the smooth appearance 
of pure PC dispersions (Fig 8A) and undamellar 
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F~g 9 Freeze-fracture electron mlcrographs of egg PC vesicles 
m the presence of increasing amounts of mehttm T = 20°C 
From top to bottom (A) pure EPC vesicles, (B) R, = 200, (C) 
R, = 30 (D) R, = 5 Magmficatlon 50000× 

vesicles (Fig 9A), the mehttm-hpld vesicles always 
dxsplay rough fracture surfaces (Figs 8B, 8C and 
9C) 

When meht tm is added to small, somcated egg 
PC vesicles (Fig 9A), complex behawour is ob- 
served The small amounts of mehttln reduce a 
fusion of the egg PC vesicles into larger ones, 
leading to heterogeneous populanon of vesicles 
(Figs 9B and 10b) Thas heterogeneity is mlmmal 
for R~ ~ 30, where vesicles of q) = 1300 + 300 
are observed (Fig 9C and the htstogram m Fig 
10b) When more melxttln is added, the vesicles 
are transformed into small flat objects (Fig 9D) 

Discussion 

The most general result of this study ~s that 
meht tm exhablts strong interactions w~th hplds 
and is able to change the structure of hpld bdayers 
dlplaymg hquld-hke, a, conformation of their hy- 
drocarbon chains In contrast, meht tm lack appre- 
cmble interaction for the same hplds displaying 
rigid, fl or fl ' ,  conformation of their hydrocarbon 
chains, w~th the very interesting excepnon of 
sonlcated small vesicles of DPPC 

The structure of the new supramolecular meht- 
tln-phosphollpld compexes depends on (1) the 
hpld-to-protem molar rano, R,, or, more exactly, 
the real hpld-to-peptlde molar ratio (R~) w~thm 
the complex, (n) whether the hpld chains are 
ordered or not 

Compartson of the results obtamed by different 
techntques 

Light scattenng, gel filtration and freeze-frac- 
ture electron microscopy reveal different but com- 
plementary aspects The relanonshap between the 
Stokes radn obtained by gel-filtranon and the 
mean diameters measured by freeze-fracture elec- 
tron microscopy has recently been estabhshed [24] 
As seen m Table III,  qualltanve agreement exists 
on the size of the mehttm-llpld complexes formed 
However each technique has ~ts own drawback 
Gel-fll tranon lmphes dflunon and risk of d~ssocla- 
non of complexes onto the column, moreover, 
Sepharose 4B does not allow fractlonanon of large 
parncles Freeze-fracture electron m~croscopy per- 
mits m principle, detecnon of all types of parncle 
having a size larger than about 50 A, this ~s 
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Fig 10 Histograms of size distribution of PC-mehttm complexes measured from freeze-fracture electron mlcrographs (a) DPPC 
veslcles+Mel. R, =15. without 02) and with (1~) incubation at 50°C (b) DPPC dlsperslons+Mel R, = 30. at 50°C (g~). egg PC 
vesicles + Mel. R, = 30. at 20°C ([2) The vertical lines are the mean s~ze in number for each dlsmbuuon 

dlustrated in the case of well-defined particles as 
seen m Fig 10 It also clearly demonstrates that 
heterogeneous systems are formed at low mehttm 
content Quash-elastic hght scattering, which ~s 
very sensmve to poly&spers~ty, mainly detects the 
largest molecular weight particles, as already 

documented for pure hpld vesicles [22] Then, 
since for R, = 30 the size of vesicles differ very 
slgmficantly according to the techmque used, more 
confidence was g~ven to the mean value obtained 
by electron microscopy, ~ -= 1300 + 300 ,~ for egg 
PC (Fig 10b) A small fracUon of large vesicles, 

TABLE lII 

HYDRODYNAMIC RADII, Rr~ (IN ,~), OF PARTICLES IN SOLUTION AS MEASURED BY THE THREE TECHNIQUES 
LIGHT-SCATTERING (QELS), FREEZE-FRACTURE ELECTRON MICROSCOPY (EM) AND GEL-FILTRATION OF SEP- 
HAROSE (GPC) 

DPPC-Mel EPC-Mel 

R, 3 5 15 30 30 b 3 5 15 30 

DMPC-Mel DMPC- DMPC- 
Apo A it Glucagon 

200 15 c d e f 

QELS 65 75 110 140 2000 a 41 60 1400 " 1000 650 65 55 
EM 60 90 96 94 690 41 1040 a 650 275 105 78 107 

640 ~ 
GPC 66 70 ~' 79 37 51 a 44 69 

a Value obtained when hpid was initially in MLV 
b Experiment done at 50°C 
c Experiment done at 10°C 

The data for Apo All at 20°C (d) and 30°C (e) are from Massey et al [33,34], those for glucagon (f) from Jones et al [35] 
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such as those occurring on the edge of the distri- 
bution, m Fig 10b, will be sufficient to dominate 
the scattered intensity and significantly mask the 
dominant number of smaller vesicles A slmdar 
problem occurs for DPPC vesicles at R 1 -~  30 in 
the fluid phase On the other hand all techmques 
agree (Table llI), due to lesser polyd~spers~ty at 
hagher amounts of mehttln, when small particles 
are formed 

Morphologtcal changes mduced by mehttm on llptd 
bdayers 

When the hydrocarbon chains of the hp~ds are 
m the fired, a, conformatmn, the interaction be- 
tween meht tm and dlspersmns or somcated lipid 
vesicles leads to identical final hpld-mehttm com- 
plexes When the hydrocarbon chains are ordered, 
only somcated vesicles show morphological chan- 
ges However, after mcubatmn at T >  T m, new 
structures are then observed even below T,~, re- 
gardless of the mmal  state of the llp~ds (SUV or 
MLV) 

On varying the amount of meht tm added to 
hpld bllayers different processes occur At high R, 
values, ~ e ,  low meht tm content, heterogeneous 
systems are always observed, wxth the coexistence 
of unperturbed hplds and new hpld-peptlde struc- 
tures (cf Figs 6B, C and 9B) When meht tm is 
added to hp~ds m their fired state, and 12 < R, < 
50, the complexes are single unflamellar vesicles of 
about 1300 + 300 A, dmmeter (Table III)  For 
hplds m the gel phase, at R, < 50, very different 
structures are formed, since parUcles w~th R H 
varying from 95 to 60 A are observed (Table III)  
Similarly, for egg PC at R, < 12, small species are 
observed with R H values ranging from 95 to 40 
Freeze-fracture in&cares that the DPPC-meht tm 
complexes resemble flat &scoldal partMes at R, 
= 15-30 and become more sphencal upon de- 
creasing R, 

The composmon of such discs remains roughly 
constant m the hm~t of experimental error at 
R~ = 20 +_ 5, when R, vanes from 15 to 5 (Table 
I) At variance, egg PC-mehttm complexes have an 
R, varying along the elutmn profile, wtuch could 
reflect more labile structures d~ssoclatmg onto the 
column The approximate size of the &scoldal 
particles can be determined from the electron 
mlcrographs (Fig 10a) Their thickness is best 

esttmated on the objects fractured perpendtcularly 
to the plane of the discs and shadowed at highest 
angles The comparison of such measurements 
with those obtained with cross-fractured hposome~ 
m&cates that the discs are approximately one 
bdayer thick The thickness of the hydrated bi- 
layer of DPPC m the gel phase (e = 55 A) permits 
calculatmn of the dmmeter of the flat &sc using 
equations already developed for P C / b d e  salt mix- 
tures [25] For R , =  15 at 20°C, using a mean 
value R H = 101 A (Table III), one obtains the dlst 
diameter, q, ~ 235 + 23 ]~ Finally, for high meht- 
tm amounts (R, < 5), very small, almost spherical, 
complexes are always formed At oR, = 3, their 
radn are 60 ,~ for DPPC and 40 A for egg PC 
(Table III)  and one can propose that they corre- 
spond to mixed mlcelles The overall evolution of 
the morphology of hplds m the presence of m- 
creasing amounts of mehttm can therefore be 
summarized as shown m Fig 11 

Our data on changes m s~ze and shape have to 
be compared to those of Prendergast et al [11] 
who observed disc-shaped particles at low mehttm 
content (40 < R ,  < 160) and large-sized ones at 
high meht tm content (R, < 20) The fact that we 
observed the opposite behavlour may be due to 
the possible contarmnatlon of mehttm used by 
these authors by trace amounts of phosphohpase 

As ewdenced m our study by freeze-fracture 
electron microscopy and hght-scattermg, fusmn 
processes are clearly occurring upon addition of 
mehttln to somcated vesicles, since large undamel- 
lar vesicles of several thousand hngstroms dmme- 
ter are stabilized at tugh R, values It ~mphes that 
a s~gmficant percentage of SUV merge into a 
single new structure Such a mehttm-mduced fu- 
stun process has already been reported on SUV 
constituted by PC-cardmhpm mixtures and re- 
suited m the formation of very large MLV, of 
several micrometers diameter [13] Our results also 
agree w~th the more documented study by Morgan 
et al [12], who showed that mehttm even at R, --- 
200 can reduce the fusmn of large unflamellar 
vesicles (LUV) by going through the transmon 
temperature domain of DPPC 

It has to be emphasized that, for hplds m the 
fluid state, the fusmn process of SUV leads to the 
formation of large, mostly undamellar vesicles, 
similar to those obtained by the mehttm-mduced 



45 

ves=cularlSaL)on 
M LV + Mel4 ~ fr~mentabon 

LlJV + Met4 ~ ~ Discs + Me]4~comJcel le 

SUV +Mel4 fusion 

( 

II -'~ I" Th~ 
I ( . ~  ~-t.,, 

~ G l y  

F~g 11 Summary of successwe events In changing the mor- 
phology of hpld bdayers m the presence of increasing amounts 
of mehttm, for T> Tm LUV is used for large undamellar 
vesicles Below, a drawing of the tentative models proposed for 
discoidal complexes formed by mehttm with DPPC at T < T m 
Mare features derived from disc models already proposed for 
hpoprotelns [28,32], the pnnclpal charactensUcs of mehttm 
derived from X-rays [38] have been maintained Hatched area 
of mehttm corresponds to the hydrophoblc face of the amphi- 
pathlc hehx 

disruption of large multilamellar hposomes 
Therefore, it seems that such large vesicles repre- 
sent a thermodynamically stable structure for fluid 
lipld-melittln complexes at high R c values 

Our data also compare well with previous re- 
sults obtained with some other proteins [28-34] or 
peptides [35,36] having amphipathic helices and 
which were shown to induce breakdown of vesicles 
into discoidal particles of similar size (Table III)  
Staphylococcal &lysm, which has a structure and 
properties closely related to those of mehttln [26], 
has recently been mentioned as inducing the for- 
mation of particles on the fracture plane of liplds 
and fragmentation into discoidal objects [27] 

Structure of dlscmdal complexes 
Segrest [28] first developed the so-called 'bi-  

cycle tyre model '  to account for the structure of 
discoidal hpid-peptlde complexes In such a model, 
hplds are organized as an area of bilayer limited at 
its periphery by a single belt of peptides parallel 
to the surface of the bdayer In order to be applied 
to mellttin, one has to define the shape and size of 
the peptide From X-ray studies [2,37] one can 
assume that meht tm is a rod of about ~me~ ~ 12 + 1 

,~ diameter and a length, Lm, t, of 35 _+ 5 A In the 
gel state, hpld molecules ~acked in a bilayer oc- 
cupy an area of SpL = 50 A 2 With these hypothe- 
sis and a diameter of the discs ~ = 235 _+ 23 ,~, for 
R, = 15 at 20°C, one can calculate the number of 
h p l d  molecules w i t h i n  one disc  to  be about Npc  ---- 

1400 _+ 300 The number of peptldes needed to 
generate a belt of amphipathic helices with their 
axis parallel to the plane of the bllayer is Np = 20 
+ 5 This corresponds to a ratio, R c = NpL/N p 
70 + 30, that is s~gnlficantly higher than the ex- 
perimental value, R c = 20 ___ 5, found by gel-filtra- 
tion In order to account for our experimental 
results with such a tyre model, one can add a 
second belt of mehttin molecules (as shown in Fig 
11), which leads to Np = 40 + 10 and to R~ = 35 + 
15 This value is stdl higher than the experimental 
one 

On the other hand, the mehttm rod can be 
positioned differently A better packing of a-helix 
rods is offered when the mehttin is perpendicular 
to the bllayer plane, as shown m Fig 11 With 
such a model, as already proposed for apohprotein 
by Tall et al [32], and using the same data as 
above, one obtains Np = 61 and R c = 25 + 7 This 
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value agrees well with the observed one 
The first posslbxhty, with mehttln forrmng a 

'double tyre' parallel to the lipid bdayer (Fig 11) 
looks, m fact, very similar to that speculated by 
Terwilllger et al [38], and could correspond to the 
layers of meht tm dlmers that have been described 
b) X-rays m the crystal of pure mehttln The 
second possibility, with mehttln perpendicular to 
the bllayer, would agree with the conclusions of 
Vogel et al [8] Due to uncertainty in the size 
meht tm bound and m the values of R~ and the 
d~sc diameter, one cannot definitively discriminate 
between the two models, which are perhaps only 
extreme cases of the real situation However, the 
model with perpendicular, or tilted, mehttm, which 
can account for lower R~ values, fits better the 
experimental data 

It has to be emphasized that hght-scattermg 
and freeze-fracture data indicate a continuous de- 
crease of oR H versus R, The disc diameter goes 
from 140 A at R , = 3 0  to 75 ~, for R , = 5  Such 
large and progressive changes imply that more 
meht tm becomes bound and R,  decreases, it re- 
suits that meht tm rod has to accommodate such a 
progresswe decrease m the belt diameter The 
perpendicular model allows easily such an evolu- 
tion 

Flat objects have also been detected when 
mehttin interacts with DPPC vesicles in the gel 
phase without incubation at 50°C In that case the 
diameter observed ~ ---- 356 .A at R, = 15 (Fig 8b) 
is nearly twice as highly as the one observed after 
incubation above T m, as discussed above Tins is 
probably due to the fact that no redistribution of 
the hpids can occur m the gel phase, contrary to 
what happens on going through T m Due to uncer- 
tainties concerning the value of this diameter, but 
mainly in the thickness of the flat objects, it is 
rather difficult to conclude whether such objects 
are flat discs wtth a single bilayer or flattened 
vesicles The first hypothesis supposes a total 
opening of the initial SUV and lmphes again that 
the rims are coated by mehttm, m the second 
hypothesis the flattening will be due to insertion 
of mehttm, winch locally severely decreases the 
curvature radius, and then acts as a wedge, a 
mode of action of mehttin first proposed by Daw- 
son et al [39] Such a structure has already been 
proposed for ApoCII I -PL systems [28] 

Reinterpretation of the hptd perturbattons tn the 
hght of morphologtcal changes 

Using the above conclusions, one can also dis- 
cuss the perturbations of the thermotroplc be- 
havlour of hplds induced by mehttin [4-6, 40] It 
has been shown [5] that increasing amounts of 
mehttln induce a progressive broadening of the 
lipid phase transition and a 10°C downwards shift 
of its temperature Due to the very similar condi- 
tions in winch these effects occur compared to the 
presence of discs, one can propose that such ef- 
fects on the lipid thermotropIsm can be interpre- 
ted as reflecting changes 0) in the amount of the 

different phases which coexist for R , >  15, as 
shown by freeze-fracture data (Fig 6B), (n) in the 
size of discoidal particles, for R, < 15, which could 
result m a lower cooperatwlty of the transition 
The disappearance of any transition at R,--- 2 [43] 
can also be related to the decrease m size of the 
objects, which are then probably too small to 
accommodate hplds in a bdayer structure 

Imphcattons of the morphologtcal changes on the 
mechamsm of membrane lysls mduced by mehttm 

When summarizing the observed effects, as 
shown m Fig 11, the redistribution of hplds and 
peptlde into new structures m model systems d- 
lustrates many events analogous to those involved 
m biological membrane functions That Is fusion 
processes, winch are constructive events, but also 
it seems that meht tm is an especially suitable 
peptide for fragmentation of membranes, which 
could occur m two steps veslculanzatlon, and 
formation of discoidal small particles 

Such conclusions may be of some interest for 
understanding the mehttin-mduced membrane ly- 
sis When dispersions are fragmented into vesicles. 
it implies that the hpids have been taken off the 
'mother '  membrane by mehttin, m agreement with 
conclusions of Sessa et al [9] There could result 
'holes '  that are large enough to account not only 
for changes in ionic permeabilmes but also for 
leakage of larger molecules such as proteins and 
nucleic acids At low mehttm content and for 
liplds m their fluid phase, such transient holes can 
rapidly be annealed by lateral diffusion This could 
correspond to the early, sudden increase m Ionic 
or small solute permeability At higher mehttin 
contents, a n d / o r  with less mobile liplds, statlst~- 



cally larger holes could have a longer hfetlme, so 

that large specxes would leave the cell Such a 
sequence of events agrees with that already ob- 
served on model m e m b r a n e  [9,40] and proposed 
for the release of cell components  [42,44] The 

format ion of discs or co-mlcelles, which indicates 

a major  detergent effect on the membranes ,  would 
probably  be the last step of cell lysxs 

Consequences of the morphologtcal changes on the 
svnergtsm between mehttm and phosphohpases 

Melit t ln is well known  to increase the activity 

of phosphohpases  In the case of egg PC SUV and 
Escherlch~a Coh cell membranes ,  this increase, up 

to 6-fold, depends  on the meht tm- to-hpld  ratio 
[45] In  the case of egg PC dispersions, the rate of 

enzymatic  reaction increases propor t ional ly  to the 
a m o u n t  of added meh t tm  up to a 300-fold factor 
for R , = 1 6  [46] Since m the same R, range we 

demonst ra te  that meht t in  changes egg PC disper- 
sions into single uni lamel lar  vestcles of large dtam- 

eter, we suggest that th~s drastic increase m phos- 
phollpase actiwty is simply related to the total 
exposure of the hpid molecules to the enzyme It 

has to be emphasized that  there remains  to be 
explained a 2- to 6-fold increase m phosphohpase 

A 2 activity on SUV and  natura l  membranes ,  which 
is p robably  due to a more subtle change in the 
hptd structure In the presence of meht tm 

Our  observat ion of the rough fracture surfaces 
appear ing on the meh t tm-PC vesicles may well 
reflect such a per tu rba t ion  of the local lipid struc- 
ture Such rough surfaces have been found main ly  
for t r ansmembrane  proteins or hydrophoblc  pep- 

tides wtuch can span the hp~d bdayer  [23] Even ff 
they have also been observed for lipid mxxtures 
when different phases coexist [47], the occurrence 

of such defects both on D P P C  and egg PC vesicles 
has never been observed Then  it could be con- 
cluded that meht t in  really interacts deeply wtth 
the lipids, and  such a conclusion agrees with the 
recent f inding that it can per turb  the structure of 
methylene groups in the core of the bilayer, as 
detected by deuter ium N M R  [48] 
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