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Key ~voi'ds: Plllyene antil~illllc', I:ilil~in; I)inlyrisloyll~hl~sl~halidylcholinc', Fhllll'escencc I~i'lll~c: (':irl~oxyfhillresccin: ('alcein: 
P¢i'nleal~ilJzalJon: Model nlcnlhrane; I.iglll scall¢i'Jng; (1) 

'Flit: I finding o1 the pcnlat:lit: antil~iolic I'ilipiii 1o egg-yolk phosphatidylcholinc (EPC) and diniyrisioylphosphalidylcholine 
( I )MPCI '  tlnilanlt:llar vesicles, has I~¢t:n Sltldit:d I~y ullraviolcl (UV)  al~sol'plion and ¢ircuhir dJchroJsln (( 'D). A ,~loichJoni¢lry of 
l i l le inolccult: of I'iliphl for five illolct:ulcs l l f  i~hoslfllolil:lid was d¢lnonslralcd by CI)  when l~hosl)holil)ids were ill fhiid phase. The 
sinlihlri iy of the ( 'D spt:¢lrll with [:,PC and DMP( '  csiablisht:d il sinlihu" f i l iphl-phiispholipld asscnlblalc in both illcnll~l'tlncs. IA/t: 
Iht:rei'ore posiuhilcd thai l'iliphl h~col'poraiion leads to lht: fol'nlalhm of gel-like donlaillS in t luid EPC nlcnlbrancs as prt:vlously 
denlonsiralt:d for I}uid DMP( '  mcnll~rancs (Mi lhaud, }., Mazerskl J,, Bohird, }. and l)ufourc, E.J. (198q) Eur. Biophys. J. 17, 
151-158). The re!ease of Iluorcscenl pl'ol~t:s (carboxylluor¢,scchl (CF) or t:alt:cm (CC)), entrapped in EPC small unJlanlcllar 
vesicles (SUV), duc to tilt: :it:lhln of filipin, was followed by tluol'¢sccnt:e and CB Illeasur¢lliCnls ¢ont:omilanily. The followhlg 
ol~s¢l~.,alions wt:re nladc. ( I )  The pcl'¢t:nlale of  r¢lt:ascd pl'obt:, as a funcli l in of the f i l iph l /phosphol i l ) id  mohir ratios, was ihc 
sanl¢ ~,heiher or nol lnt:nlhlant:s conlain~;d t:holt:sit:rol. (2) The pcrmcabil izal ion of vesicles pl'oCct:d~;d conCOlllilanll 7 with 
fi l ipin-rlhospholipld bhldhlg while fi l ipin-cholesicrol b i r ldhl l  levt:lt:d off. (3) Tilt: release ill" the conlel l l  l i f  vesicles ol:ctlri'¢d hy an 
all-or-none mcchanisnl leaving tilt: dt:plt:tcd vesiclt:s intact. From iht:se ohst:lVaiJOllS and fronl lilt: prt:vious struclUl'al findings, a 
new inlt :rprclal ion of the action of I'ilipin is proposed. Prt:cluding any disruptive effccl, induccmenl of pcrlncal)il i ly would result 
frl lnl the high ill lrinsic pcrmcal~ilily of the inlt:rfacial region at iht: boundarit:s of tilt: gcl-Iikt: dl,,nains Colresponding Io the 
fil ipin-phosl~holipid agll 'elalcs. Addil ionally, wc oblaincd Iht: pcrnlcabil i iy co¢lficicil ls for lh¢ aniollil: fornls of ( '(" and CF 
across EPC SUV, 0.h. Il l  i , ClllS i alid 2" il! in (.'ills I, i'cspCClivt:iy, as COlllpal¢d 1o 2.5 • i l l  14 ClilS i for lhc Collnlcril ln Na 
(llauscr, I!, ()ldani, 1). and Phillips, M.('. (Iq73) Biochcnlisl ly 12, 4507-4517). 

Introduction 

In contrast  ~.o polyene ant ib iot ics such as nystat in 
iliad anapholcr ich l  B, I'ilipin, when i l l ie l 'at : i l i lg  w i th  
Slel 'ol-contahall lg ilaelalbl'alacS, is considered ii d isrupt -  
I n l  agent ra ther  ihala a ¢hannel- foi 'n lhag one [ i ] .  Since 
1973, fi l ipin has been klaown Io provoke 15-25 nnl 
diameter hemispherical protrusions in cholesterol-con- 

Al~hrcvialions: I]PR, electl'on paranl.gnl:lJl: rl:sllrlance; NMR, nu- 
clear magllClJC resonance; ('!), ¢Jrcuhir dJchroJsni; UV, ullravjol¢l; 
LUV, large unilalllellar wi lde;  MLV, nlullJlanl¢lnar vesicle; SUV, 
small unilamelhir w:sick: ('P, cal'llllxyl]ullrescehl; ('(', calccin; 
I)MPC, dimyrisloylphosllhalidyl¢l~olinc, EP(', egg yolk phllsphalidyl- 
chllline; EPA, egg phosl~halidic acid; DMSO, dilllelhylsuifllxidt:; 
BLM, bhick lipid nlenlbram:s. 

Correspondence: J. Milhaud. l.aboraloire de Physique el Chimie 
Biomol&ulaire (U.A. CNRS 198). Universit~ Pierre et Marie Curie. 
4 place Jussieu. 75252 Paris Cedex 05. France. 

taining nlembrancs, as observed by electron microscopy 
[2-4]. Consequently, filipin has become a popular tool 
in cytochemistry for determining the sterol distribution 
in membranes [5-7]. The concomitant observation, of 
filipin-induced release of large entities such as enzymes 
[8] led De K:'uijff and Demel [9] to propose the follow- 
ing model; (i) the membrane-bound cholesterol associ- 
ates with filipin to give bulky complexes; (it) these 
complexes, accomodated inside the hydrophobic core 
of the membrane, prow~kcs its deformation until t'rag- 
mentation. The first statement was supported by ana- 
lytical [ 10] and spectroscopic [! 1,12] methods; so, EPR 
spectra exhibited by a spin-probe analogue of choles- 
terol, established the gathering of sterol molecules by 
the action of l'ilipin, when filipin is in the same propor- 
tion as sterol, and their immobilization, when it is in 
the same proportion as phospholipid [I I], which is in 
agreement with 2H-NMR results [12]. The membrane 
fragmentation, however, is questioned by several obser- 
vations. The microscopic examination of filipin-treated 
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red blood cells [13] established that ~heir hemolysis is a 
purely colloidal osmotic process, inhibited by the exter- 
nal addition of dextran, leaving ghosts intact, even at 
high filipin doses (filipin/cholesterol = 10). An ultra- 
structural examination of detergent-treated and 
filipin-treated vesicles from avian salt gland micro- 
somes [14] established that filipin-treated membranes 
were not disrupted, even at a filipin/cholesterol molar 
ratio of 21; however, markers with molecular weights 
up to 900 could penetrate. Finally, Quigley et al. [15] 
did not observe any perceptible modification of the 
Nearospora crassa young hyphae plasma membranes 
permeabilized by filipin to nucleotides. On the other 
hand, Sessa and Weissmann [16], Bittman [17], and 
ourselves [18-20], observed that filipin also bound with 
some phosphatidylcholincs. We showed that this bind- 
ing competes with filipin-cholesterol binding [19]. 

in the present paper, wc show that vesicles contain- 
ing a fluorescent-probe arc pcrmeabilizcd by filipin, to 
thc same extent, whether or not their membranes 
contain cholesterol. They keep their integrity despite 
leakage and their permeabilization correlates with the 
filipin-phospholipid binding as followed by circular 
dichroism, in the light of these results, wc propose an 
alternative interpretation for the membrane pcrmeabi- 
lization induced by filipin. 

Materials and Methods 

Materials 
Xl E-type EPC, EP& and DMPC were purchased 

from Sigma (St. Louis, MO) and used without further 
purification. Cholesterol was purchased from Carlo 
Erba and was recrystailiscd in ethanol before use. 
Filipin was purchased from Sigma and used as 75% 
(7(t% filipin Ill) unless otkerwisc mentioned (of. else- 
where), Filipin was prepared daily a,.~ 1 0 "  M DMSO 
solutions (molar ratios were designated as r for filipin- 
to-cholesterol and R for filipin-to-phospholipid). 
Gramicidin was a commercial preparation from Sigma 
containing a mixture of gramicidins A, B and C. 5(6)- 
Carboxyfluorescein (CF) was supplied by Eastman- 
Kodak and purified according to Ralston ct al. [21]. 
Caleein (CC)was purchased from Sigma. 

Vesicles 
LUV were prepared by the reverse-phase evapora- 

tion procedure [22] (buffer was IIM) mM Na2SO 4, 2 
mM Na:HPO,~ (pH 7,3) aqueous solution); with DMPC, 
the previously described procedure [19] was used. All 
LUV suspensions were sequentially extruded through 
polycarbonate membranes (Nuclepore) with 1 and 0.2 
pm pore diameters. To incorporate filipin during 
DMPC LUV preparation, buffer was replaced by a 2 
mM buffered-filipin solution. 

SUV were prepared by sonication of a phospholipid 
suspension in buffer (10 mM Hepes, 150 mM NaC! 
(pH 7.3)) under N 2. 

Fluorescent probe-loaded vesicles were prepared by 
replacing buffer with a 100 mM probe solution. Loaded 
vesicles were separated from free probe by gel perme- 
ation chromatography on Sephacryl 500 HR (1 × 20 cm 
column). Phospholipid assays and scattered light pro- 
files showed that MLV were eluted in the first two 
fractions, while SUV were eluted in the tburth and 
fifth fractions. The average internal volume of SUV, 
determined by the released CF after lysis with Triton, 
is 1 I/tool EPC. 

The lipid phosphorus content of vesicles of vesicles 
was determined as reported by Stewart [23] and their 
sterol content determined by using the enzymatic test 
'C system' provided by Bochringer. 

Fluorescence microscopic ob.s'ert'aliol~s 
A X-100 Zeiss Plan neofluar Ph objective on an 

Axiovert 10 inverted microscope (Zeiss), coupled to a 
LH 4036 camera (Lhesa) and to an image analyzing 
system (Biocom 200) was used. This microscope was 
equipped with two sets of filters which permitted both 
visible (excitation filter BP 450-490, emission filter LP 
520) or near UV observations (excitation filter BP 
365/11, emission filter LP 397). 

Dynamic light scattering 
A submicron particle analyzer Coultronics N,~MD 

was used. The size distribution profiles of the sc~dtered 
intensities as well as the mean vesicle size were auto- 
maritally determined by the instrument. 

Spectroscopk" measurenwnts 
For UV absorption, a Cary 219 spectrophotometer 

was used. To determine the absorbances of mixtures of 
filipin and EPC vesicles containing cholesterol, with 
(|. ! ~ r ~< 5, we worked at a constant vesicular concen- 
tration by adding variable amounts of filipin in a con- 
centration range where Beer's law applies, by using 
lightpaths between 0.005 and 10 cm. 

CD spectra were recorded with a Jobin Yvon Mark 
IV dichrograph equipped with a thermostated cuvette- 
holder. Spectra were corrected for light scattering by 
vesicles. Ae is the differential molar dichroic absorp- 
tion coefficient. 

For fluorimetric measurements, a Jobin Yvon JY 3C 
spectrofluorometer, equipped with a thermostated cu- 
vette-holder and a magnetic stirrer was used. With 
suspensions of CF or CC-loaded vesicles, excitation 
wavelength was 490 nm and emission wavelength 520 
nm. The total release of the encapsulated probe was 
achieved by adding Triton X-100 (10% v/v) (repetitive 
additions of detergent assured us of complete lysis 
[24]). Measurements on CF-loaded EPC SUV were 



carried out at iO°C due to iRm-negligible leakage of CF 
at room temperature. 

Determhtation of the internal concentration of probe in 
loaded +'esicles and the fraction of the rek,ased probe 

The fluorescence intensity i. emitted by a suspen- 
sion of vesicles, loaded with CF or CC at the internal 
concentration C~, is proportional to C~ up to a maxi- 
mum, !,.,, x, for C,.,,.~ = 10 mM. fl'om which it decreases 
according to I, = Im.,x/Qi (Qi is a coefficient which 
increases with C; up to a constant value Q,,,,,.,, for 
(_', >1 I(ll} mM where the fluorescence levels off) [25,26]. 

When vesicles, with C; > 10 mM, lose their whole 
content by the action of Triton, fluorescence increases 
to !~ such as: 

/ , / / ,  = (L ( ' , '  n = .4, 

where the proportionality coelTicient, R, which rehltcs 
to the released probe concentration, depends (m the 
phospholipid concentration (we will publish elsewhere 
its detailed expression). Curves in Fig. I, showing tilis 
dependence, are used as calibration curves to deter- 
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Fig. I. Fluorescence exallation factor, A ,  by lysis of CF-Ioaded EPC 
SUV by Triton, as a function of the internal CF concentration, for 
two phospholipid concentratior.s. B, EPC = 30 /.tM; E], EPC = 1.5 

p,M. 
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mine C i by knt;wing simultaneously A i and the phos- 
pholipid concentration. Wilh SUV at 5ll/.t M EPC and 
C 0 = Ill0 mM, we have: 

I~ / ! .  = Q,,,,~ ( ' . .  R = 2(I ( ! )  

fl~r both probes (17.6 for CC and 22.3 for CF). 
When probes, encapsulated at an initial concentra- 

tion C.  are released from vesicles until an internal 
concentration C, = C.-AC,, the fluorescence exalta- 
tion from ! 0 to ! I due to the released p0rt of the probe 
becomes: 

A I = I , / I .  = RQ, .A( ' ,  (2) 

Under the action of filipin the fluorescence intensity 
at time t may be written, if .I~ is the fraction of 
pcnncabilized vesicles: 

I , = . I , ( ~ + . 4 , 1 .  + Y ' J , ) + ( I - . I ~ ) I .  
I 1 

(3) 

and at'ter lysis with Triton: 

I .  = RQm,,~(." . I .  = 201. 

for a 50 # M  suspension. 
The fraction of released probe, F,, can correspond 

to two extreme cases: either every vesicle is reached by 
filipin ( J ) =  1) and loses a fraction F, = AC,/Co of :" 
content or reached vesicles, corresponding to a fraction 
./~ = F, of vesicles, lose their whole contents, leading to 
the fluorescence intensity L. 

in the first case, we have from Eqn. 3: 

l, = .4, i,} = RQ, A( ", I .  

So, the released probe fraction /'; = AC,/C. is from 
Eqns. 1 and 2. 

k', = ( t , / / ~ ) "  (C)., . ,  IC) ,  ) (4) 

In the second case, which we have anticipated to be 
the process occurring, we have from Eqn. 3: 

i ,  = I', I,~ + ( I - / ' ,  ) I .  

from where: 

I'~ = ( I, - 1 . 1 / (  I,, - I . ) .  ( 51  

We calculated the percentages of released probe h'om 
Eqn. 5. 

By considering the action of gramicidin, we assumed 
that each vesicle contained, at the concentrations used, 
some functional gramicidin channels [27] and, cnn~e- 
quently, there was a progressive leak of probe from all 
vesicles simultaneously, according to: 

Ci = C o -  JC't = C ' .e  
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from where the first-order rate constant k, is: 

k = I / t  I n ( l / [ l - ( z l C , / C o ) ]  

Now, from Eqn. 4: 

, . l C , / C u  = F, = ( ! , / ! ~ ) ,  IJ 

from where: 

k = l / t  I n [ I . ~ / ( L - / ~ ) ] ,  . (6) 

Sequential analysis of the probe content of filipin-treated 
ce~icle~ 

Different doses of filipin were added to aliquots of 
CF-loaded EPC SUV, and distributed in tubes stood at 
10°C for 15 rain. An excess of cholesterol (= 2 raM) 
was then added and tubes sttx~d at room temperature 
for 21) rain; they were then centrifugated at iO000 x g 
for 5 rain. Finally, 200 #i of each supernatant was 
dropped on the top of a small Scphadcx G-50 column 
in order to separate SUV from the released CF: these 
columns, were placed in centrifugation tubes according 
to the method of Fry et al. [28]. After i0 min of 
centrifugation at 50 x g and 3 min at 1000 × g, 'eluatcs' 
were collected in the bottom of tubes: they were sub- 
mitted to two complementary tests: the measurement 
of the fluorescence exaltation factor after Triton treat- 
ment, A, and the phospholipid concentration assay. 
Using calibration curves (Fig. I), the internal CF con- 
centrations of each aliquot were then determined. By 
this procedure, the separation of SUV from free filipin 
and the released CF, was carried out, without dilution 
of samples, in a short time period (< ! h) preventing 
any prolonged change. 

Results 

(,4) Filiphl.cholesterol binding as determined ILv UV ab- 
sorption 

The spectrum of aqueous filipin was modified by 
incubation with free or vesicle-bound sterols with an 
increase of the ratio of te absorbances at 322 and 357 
nm [18]; therefore, this absorbance ratio has been 
empirically used to quantitate and compare the binding 
of filipin to different stemls [29-31]. The absorbance 
ratios A~:JA,~,~? from suspensions of EPC SUV and 
LUV containing cholesterol, incubated with filipin, are 
plotted as a function of the molar ratio, r, in Fig. 2: in 
both cases, maxima can be seen, for r very close to 1. 
We interpret these maxima as follows: filipin bound to 
cholesterol would be characterized by an absorption 
spectrum with a A32,/A3,~? absorbance ratio higher 
than that of the free filipin spectrum. The superposi- 
tion of two spectra would result in a a322/a357 ratio 

A322 

A357 

t 2 

1.5 

I 

E] 

0 1 2 3 4 

Fig. 2. Ratios of ahsorbanccs at 322 and 357 mn for stispensions of 
cholesterol-containing EP(" vesicles (El)( "= 511 /~M)treated I)y ill- 
ipin, as a funclion of Ihe filipin lll-h)-choleslerol molar ratio r. 

I I ,  [ -P( ' / ( ' i lO1.  (8~: 12) SLIV: LJ. I ' P ( ' / ( ' I I O L  (83: 17) LUV. 

intermediate between those of free and bound filipin. 
So, as r increases, the ,4 ~,.,./,43~7 ratio is smaller prior 
to and after completion of the filipin-cholesterol com- 
plex. Therefore, the observed maxima suggest that the 
stoichiometly of the filipin-cholesterol binding l : l. 

(B) Filipin-phospholipid binding as determined by circu- 
lar dichroism 

To complete previous studies [19,2{I] filipin wa,,; 
added to preformed DMPC SUV, or EPC SUV and 
LUV, or filipin was incorporated to DMPC LUV dur- 
ing their preparation. The addition to filipin of pre- 
formed fluid-phase DMPC or EPC vesicles (at 30°C 
and 22°C, respectively), leads to results similar to those 
already observed ([19] and inset of Fig. 4). The spec- 
trum of free self-associated filipin [32], exhibiting a 
doublet with a null point at 295 + 3 nm, changed into 
an other one which had three positive peaks at 327, 
343 and 367 nm, and a null point and a negative peak 
red-shifted, respectively, to 313 +_.3 nm and 305 + 3 
nm. with reference to our 2H-NMR results [20], this 
spectrum was attributed to filipin-phospholipid aggre- 

tes [19]. By varying the molar ratio, R, the intensities 
of the signals characteristic of this spectrum (either the 
negative peak or the 367 nm positive peak) went 



through a maximum; this maximum can be explained in 
a similar manner as the maximum observed in UV 
absomtion: the corresponding R values reflect the 
stoichiometry of the filipin-phospholipid binding [19]. 
By adding to filipin fluid-phase DMPC SUV, or EPC 
SUV and LUV, the stoichiometry was always one fil- 
ipin molecule for five phospholipid molecules ( ! / R  = 5, 
cf. Fig. 3). 

The modification of the spectrum of DMPC LUV, 
where filipin was incorporated during their prepara- 
tion, was followed as a function of temperature (Fig. 
4). The results confirmed those of the 2H-NMR experi- 
ments [20]: when the temperature increases from 32°C 
to 46°C, the spectrum of the phospholipid-bound filipin 
becomes similar to a free filipin spectrum indicating 
the disintegration of filipin-DMPC aggregates. Finally, 
owing to the important variation of the dichroic signal 
around 313 nm, when filipin goes from a flee state to a 
phospholipid-bound state, Seatchard diagrams were 
obtained. The slopes of such diagrams are usually 
negative; a positive slope in the beginning of these 
plots, with maxima, indicates a positive cooperativity 
[33]. No negative slopes were obtained with fluid-phase 
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wil l)  R = I. 

DMPC and EPC LUV, and SUV (data not shown). 
However, the first parts of these plots revealed a strong 
positive cooperativity in the filipin-phospholipid bind- 
ing and established that filipin bound more strongly to 
LUV than to SUV. 

(C) Fluorescence probe release ]'tyro loaded t,esicles 

The increase of fluorescence of suspensions of EP(" 
SUV and LUV, containing CF or CC, reflecting tile 
probe efflux due to the action ol' filipin, was t'ollowed. 
This efflux was slow compared to the filipin-phospho- 
lipid binding followed by circular dichroism: a fluores- 
cence plateau, was reached in 30 to 6(1 rain with CF 
and 60 to 12(I min with CC; it is slower with choles- 
terol-free membranes than with cholesterol-containing 
ones but the fluorescence plateau had the same inten- 
sity. 

The percentage of released CF (at I()°C, cf. Materi- 
als and Methods) from EPC SUV containing CF was 
plotted as a function of R; experimental points met at 
the origin via a straight hne whether or not membranes 
contained cholesterol (el. Fig. 5A). it was the same t'or 
the percentage of CC released from EPC SUV contain- 
ing CC al 22°C (cf. Fig. 5B). However, the percentage 
of CF released is larger than that of CC for the same R 
value. With LUV, the initial slope of the straight line is 
greater than that of SUV (cf. Fig. 5A). it is important 
to note that, for these EPC vesicles, membranes were 
in fluid phase. 

To interpret these permeabilizatk)n results in the 
light of our earlier CD observations [18,19]. a dichroic 
spectrum of every sample of" EPC SUV, containing 
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Fig. 5. Percentages of released I'hloresc¢llee probe I'l'oni loaded I".P(' 
vesicles its it function of lilt: I'ilipi, III-to-EP(' molar ratios. (A) 
Vesicles containing ('F ;tl IO°( ' (EP('  conce,trati'.m i'allge: 211 Io 31)(J 
~M). D. El)( ̀  I.UV; * .  Ei~('/('hol (811: 2t1)SUV; II. II".P(' SUV. (B) 
Vesicles ,rontaining C(' at 22"(' (EPC concentration ral|g¢: 51)Io 131) 

p.M). A. EP( ' / ( 'hol  (81):21))SUV; II. EP(' SUV. 

cholesterol, loaded with CF or CC, treated by filipin, 
was performed before the addition of Triton to obtain 
II){)% effiux. Results are shown in Fig. 6. The ampli- 
tudes of the negative dichroic signals characteristic of 
the filipin-cholestcrol binding and the filipin-phospho- 
lipid binding, at 368 nm and 305 nm, respectively, 
showed the competitive behavior which we have al- 
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t 

Fig. (+. 3f~8 nm and 31)5 nm aml~litudcs ot' the negative dichroi¢ 
signals from sttspcilsiotl.,, of EP{' vesicles conlainitlg 2IV:; of choles- 
terol and ('I: or ('('. treated by filipin, as a function of filipill 
IIi-to-EP(' molar talios (at I();tlltl 22"(" for ( 'F and ('( ' .  respectively) 
and tile corresponding percetllages of released probe. A. 308 nm 
dichroic signal (corresponditlg !o the filipin-choleslerol binding): A. 
305 nm dichroic signal (corresponding !o Ihe filipill Dhospholipid 
bindillg); o. I)ercenl;tge of released ('F; m. perccnlage of released 

('( ' .  

ready reported [18,19]. In particular, the signal charac- 
teristic of the filipin-cholcstcrol binding leveled off 
even though CF and CC continued to cfflux from the 
vesicles (of. Fig. 6, arrows). 

TAItI.i- I 

f T Is+terna! ¢om'eno'atlo,s o/" loaded EP(" SUI' aliquots alh'r treatua.m by di/]i 're, t l ' i l ip i ,  do,w.~ " am! Iwrcentagex c)/" empty +'¢,+ich'.~ recorered a/h.r 
'hs~ ~ma rq ~grallhy 
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Sequential analysis of CF content oJ" filipin-treawd EPC 
SUV 

To analyse the internal CF concentrations of aliquots 
of EPC SUV containing CF, treated by different filipin 
concentrations, the relcased probc was scparatcd aftcr 
treatment from the recovered SUV (of. Materials and 
Methods). Ou, initial aim was to establish if the probc 
efflux results from a complete release from a part of 
vesicles or a partial release from all vesicles simultane- 
ously. In the first case, the probe concentration of 
remaining loaded vesicles will stay unchanged while, in 
the second one, it will decrease by increasing the filipin 
dose (cf. Weinstein el al. [34] and Blumcnthal ct al. 
[35]). However, the crucial point, here, is to d e m o n  
strate that vesicles, partially or totally depleted, kccp 
their integrity. Results of 4 batches of EPC SUV are 
prcscnted in the Table I; two of them contained 25 
mole% of cholesterol. The third column gives the 
average CF COIltellt o f  SLIV al'ler trcatnlelll, ils deter- 
mined by the fluorescence :tftcr lysis with Triton, by 
assuming that all vesicles arc idcntical (progressive CF 
efflux from all vesicles simultaneously). The fifth col- 
umn gives the actual CF content el" SUV as deduced 
from the fluorescence exaltation after triton treatment 
given in the fourth column (cf. Materials and Methods). 
These actual concentrations clearly disagree with the 
average ones: they remain constant around 85 + 15 
mM and it can be therefl~rc concluded that the mecim- 
nism wits all-or-none, in corollat3', it is easy to calculate 
that an important portion ~I' recovered vesicles were 
empty. Indeed, fluorescence intcnsity at'for iysis divided 
by the total numbcr of vesicles, or by the number of 
loaded vesicles, were respectively proportional to the 
CF concentrations given in the third and the l'il'tla 
columns: so, the complement to 1 of the ratio of these 
two conce::m~tions gives the proportion of empty vesi- 
cles; the corresponding percentages arc given in the 
sixth colunu~. Thus, depleted vesicles were chromato- 
graphically cluted; they keep the integrity of their 
menlbranes wl,ether or not they contain claolc,,,tc,ol. 

A significant percentage of vesicles, were not recov- 
ered when a cholesterol treatment, before chromatog- 
raphy, wits not performed (el'. Materials and Methods). 
This observation agrecs with Kclly el ai. [11)] who found 
that the recovery percentage of EPC vesicles, submit- 
ted to a prolongated incubation with filipin, followed 
by gel filtration on Scpharosc 4B, was small. Wc at- 
tributed this fact to their agglutinati, m as described 
below. 

(D) Miscelhmeous im'estigau:ms 

(1) Agghaination of t'esicles Itv the action o.l'filipin 
Suspensions of cholesterol-free EPC LUV contain- 

ing CF or CC (at 10 mM concentration), wcrc obscrved 
by fluorescence microscopy before and after filipin 
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treatment. Befi~re treatment, uniformly scattered bright 
points were observed; after 45 (CF) or 75 (CC) rain of 
treatment, these points clustered together, here and 
there, inside a veil which was visible by excitation in 
near LIV, where only filipin absorbs. 

In addition, tile granulometric behavior of suspcrl- 
.,;ions of cholesterol-free EPC SUV without probe, af- 
ter filipin treatment, was followed by light scattering. 
The scattered light profile of the initial suspension, as 
a function of particle size, exhibited a major peak 
corresponding to SUV (31) nm diameter) with a much 
smaller peak corresponding to residual MLV after 
chromatography. After incubation with filipin at R = 
[I.5, a new peak, corresponding to clusters with diame- 
ters approximately 300-times larger than those of SUV, 
appeared. Wc checked that a filipin solution at the 
same concentration showed no such cluster. At'ter ad- 
dition of an excess of cholesterol (cholcstcrol/filipin = 
4) to dissolve clusters the suspensions bccamc turbid 
and, aftci ccntrifugation (5 rain at 1511111) rpm), the 
scattered light profile of supcrnatant showed it reap- 
pearance of SUV, with a disappearance of filipin-SUV 
clusters. 

From these observations we conclude that the vesi- 
cles clustered together with filipin. This phenomcmm 
was already remarked by Bchnkc ct al. [4]. 

(2) Pernwabilizing action oJ" gramicidin: 'natural' 
translocalDrr rates of CF and CC 

Bramhall el al. [36,37] demonstrated that the all- 
ionic probe CF released freely from unilamellar vesi- 
cles: its rele:'~se was simply prevented by the membrane 
potential developed by the absence of a co,lcomitant 
release of lhc alkaline countcrion. By establishing a 
frcc circulation of this last one, owing to the addition 
of an iot'tophorc such as gramicidin, it is thereti)rc 
possible l~ assess the 'natural '  Iranslocation rates of 
CF and CC, what we did in order to interpret the 
curves of Fig. 5; I() p,M of grami{2idin was added to 50 
/.tM of CF- or CC-containing EPC SUV and the fluo- 
rescence increase followed (cf Fig. 7A). The corre- 
sponding first order rate constants for the release of 
the two probes (tbr calculations see Materials and 
Methods) are reported in Fig. 7B. These rate constants 
can easily be transformed to permeability coefficients, 
P, by knowing the trapped volume, V (I I/mol of EPC, 
of. Materials and Methods) and the corresponding sur- e • 

face arca, A, of the membrane system (65 A2/mol ot 
EPC, cf. Rcf. 38): 

P k.L'/..!=~ 2.10 t'Pctn.~ t for( 'F 

P ::= 1 ) . [ i .  I [ |  I i !  C l l l ,~  i for C('. 

These numbers correspond to the pcrlneabilities of 
anions; thcy are, respectively, two and four orders of 
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Fig, 7, (A) Action of 10 gM gramicidin on suspensions of EPC SUV 
containing CF or C(, ([EPC]= 50 gM): (1~ corresponds to I(~lc; 
release, and is achieved by adding Triton). (B) The corresponding 
first-order rate constants and permeability coefficients fi;r the CF 

and the CC release, respectively, 

magnitude ~arger than Na ÷ permeability coefficients 
through EPC LUV (9.5.10- ~'~ cm s- i  cf. Ref. 39) and 
EPC SUV (2.5.10-14 cms- i  cf. Ref. 4(}). This con- 
firms Deamer and Bramhall's general statement [41] 
that, for model membranes, anion permeability is sig- 
nificantly greater than that of cations. 

(E) btfluence of the filipbt composition on its permeabi- 
iizing action 

The filipin complex contains four components la- 
belled i, ll, ill and IV [42] where ill and IV are the 

two isomeric forms [43,44] responsible for the fungici- 
dal activity of the filipin complex [42]. However, in 
most reports, the major component of filipin complex 
has not been specified. For example 95% 'pure' filipin 
as determined by UV absorption [8] may refer to filipin 
complex (53% fitipin !!1 cf, Ref. 42), or to filipin ill  
alone, since, both products exhibit approximately the 
same absorption spectra [45]. In 1986, Filipin complex 
was first commercially provided as 40% (w/w), and 
later, as 75% (w/w, 70% filipin Ill); pure filipin III has 
been available since 1991}, Most of our experiments 
were performed with filipin '75%'. However, some of 
experiments, were rcpeated using the pure filipin Ill. 
Our results referred to the portion of the filipin Ill 
deduced from the extinction coefficient (e34.~ = 9.2. 1114 
mol ~ ~ cm ° ~ in DMSO), were in satisfactory agreement 
with those obtained with pure filipin ill. in contrast, 
wc wcrc not able to reproduce with filipin '40%' the 
results obtained with filipin '75~;. indeed, with filipin 
'4(}t9, ', wc t'ound results identical to those described by 
Maurin et al. [46], characterized by a l(}-timcs higher 
pcrmeabilizing action of filipin and a strong depen- 
dence on the presence of cholesterol in membranes, in 
conclusion, our permcabilizing results, were assignable 
to filipin ill  but not those obtained with filipin '40%'. 

Discussion 

(!) Pret'ious results 
:H-NMR spectra of cholesterol-free DMPC mem- 

branes, in which 12% filipin was incorporated during 
their preparation, revealed the presence of gel-like 
domains enclosed in the bulk fluid: their proportion 
decreased as temperaturc increased. They were at- 
tributed to filipin-DMPC aggrcL'atcs [2{}]. 

Dichro'/c measuren'mts of filipin incubated with 
preformed cholesterol-free DMPC LIJV revealed the 
aforesaid spectrum [19,20] assigned to the filipin- 
DMPC aggregates. When DMPC LUV containing 
cholesterol were treated by increasing doses of filipin a 
spectrum first appeared [19] which had been previously 
observed for SPC LUV containing other /3-hydroxy- 
sterols and attributed to a filipin-sterol complex [18]. 
For larger amounts of filipin, this spectrum was re- 
placed by the one obtained with cholesterol-free DMPC 
LUV [ 19]. 

(2) Structm'al results (Figs. 2 aml 3): 
The stoichiometry for the two filipin binding was 

established. Filipin-cholesterol has a 1:1 stoichiom- 
etry (Fig. 2), confirming Schroeder et al. [47] and 
Katzenstein ~t al. [48]. For filipin-EPC binding, a 1:5 
stoichiometry was established (Fig. 3) at concentrations 
of self-associated filipin (> 20 #M), as previously ob- 
tained for filipin-DMPC [19]. Furthermore, Scatchard's 
plots revealed positive cooperativity in filipin-phospho- 



lipid binding. Thus, the ordered packing of phospho- 
iipids by the action of filipin, as showed by 2H-NMR of 
DMPC membranes [20], occurred by cooperative types 
of interactive forces. 

Thus filipin binds to cholesterol-free EPC and 
DMPC membranes. The CD spectra of self-associated 
filipin interacting with both types of membranes in 
fluid phase were identical, indicating that this interac- 
tion leads to molecular assemblages with the same 
conformation for both phospholipids. We infer that the 
filipin incorporation into the fluid EPC membranes 
leads to the formation of gel-like domains, as observed 
with fluid DMPC. Since filipin is a neutral molecule, 
we think it anchors in the hydrophobic part of mem- 
branes; we suggest that macrolide rings are extended 
along acyl chains and to optimize the Van der Waals 
interaction, we think this is their polyene portions 
which would be close to them, while hydrophilic por- 
tions would be gathered together, forming an hy- 
drophilic core. The occurrence of such ordered assem- 
blages inside the fluid bulk of membranes would give 
at each leaflet the aspect of a mosa'ic (cf. Fig. 8A). The 
implication of such an organization is discussed below. 

(3) Penneabilization results (Figs. 5 and 6, table D: 
Bramhall et al. [36,37] clearly demonstrated that CF, 

and consequently CC, are released freely through 
membranes in their anionic forms and that the step 
which controls their efflux is the release of the alkaline 
counterion, i.e. Na ÷. Our experiments in the presence 
of gramicidin confirm this. The 'natural' efflux rate of 
CF through EPC SUV is about three times larger than 
this of CC (Fig. 7B). Filipin apparently acts like grami- 
cidin; in agreement with a CF efflux three times faste, r 
than the CC one, the release percentage of CF is about 
three times larger than that of CC for the same 
filipin/EPC molar ratio (Figs. 5A and 5B). Con,~e- 
quently, we will discuss only of a Na + permeabilizing 
action of filipin. 

Does the probe effiux occur by a progre.~sice mecha- 
nism on all l,~:~icles or by an all-or.none mechanism on a 
fraction of  them? Let us do a general remark about the 
action of a permeabilizing agent on a suspension of 
loaded vesicles. Let us suppose that the permeabiliza- 
tion of one vesicle requires the gathering of a certain 
number of agent molecules inside its membrane to 
'open a channel'. Because of the distribution of mem- 
branes in separated closed units, the release of the 
vesicle contents implies a competition between two 
kinetic processes (i) the exchange of the permeabilizing 
agent between vesicles, (ii) the depletion of one vesicle 
during the opening time of one 'channel'. Two extreme 
cases can be discriminated. If the rate of process (ii) is 
much higher than that of process (i) the depletion 
occurs by an 'all-or-none' mechanism where a portion 
of vesicles lose the whole of their contents. If ~.ile 
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Fig. 8. (A) Tet~lalive illustration of the lateral configuralion at the 
surface of a leaflet of a bihB, cr by the action of filipin; I: Top view; 2: 
cross scclion PP'(F-P: ordered phospholq~id: I: inlerstitial region). 

(B) Cross scclitm of a bilaycr with 'open channcl.~'. 

inverse is true, the depletion occurs by a 'progressive' 
meci~anism where all vesicles are simultaneously per- 
meabilized by losing a portion of their contents, in the 
present case, the efflux rates of both fluorescent probes, 
CF and CC, were small (Fig. 7B). Nevertheless, the 
positive cooperativity of the filipin-phospholipid bind- 
ing and the persistent agglutination of a vesicle fraction 
under the action of filipin, suggested that the redistri- 
bution of filipin among vesicles was slower than this 
efflux. Therefore, the release mechanism should be 
'all-or-none'. As a matter of fact, this is confirmed by 
the analysis of the CF content of filipin-treated EPC 
SUV (Table 1). 

Now, let us discuss De Kruijff and Demel~" model 191 
assuming a disrupting action of  filipin in the presence of  
cholesterol Sequential analysis of CF content of EPC 
SUV clearly show that depleted vesicles were not de- 
stroyed whether or not their membranes contained 
cholesterol since empty like full vesicles were chro- 
matographically separated from free probe (Table !). 
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Two additional arguments allow us to reject any dis- 
ruptive action of filipin on membranes: one, the pro- 
longed (several hours) observation of filipin-treated 
loaded EPC LUV, by fluorescence microscopy; sec- 
ondly, the 2H-NMR spectra exhibited by the filipin- 
treated DMPC membranes preclude any destabiliza- 
tion of them even in the presence of cholesterol [49]: 
especially, they are in any case assignable to mixed 
micelles (Dufourc, E.J., private communication). 

Wlmt is thai the penneabilizing mechanism, especially 
in the absence of  cholesterol? Dichroie spectra per- 
formed during the permeabilization followed by fluo- 
rescence showed (Fig. 6) that the efllux of both probes 
occurred in parallel with filipin-phospholipid binding 
while the filipin-cholesterol binding had already lev- 
elled off. Thus, the filipin-phospholipid binding can be 
held, responsible for the permeabilizing action of fil- 
ipin. Now, Deamer and Bramhall recently analysed [41] 
mechanisms which make lipid bilayers permeable to 
hydrophilic solutes. They emphasized that there is sig- 
nificant penetration of surrounding water into bilayers 
(see Refs. 50 and 5 I). Thus, an hydrophilic solute can 
penetrate as far as the hydrophobic part of a mem- 
brane, anchor, if a defect can accomodate it, and, from 
there, migrate by solubility-diffusion. The presence and 
the number of defects depend on the physical state of 
the membrane (lipid composition, temperature, pres- 
ence of extraneous agents). 'Transitory defects', provid- 
ing some sites of entry would increase in number when 
interactive strengths of cooperative type, act on the 
hydrocarbon chain packing, such as gel-to-fluid transi- 
tions or embedding of extraneous agents. So, Marsh et 
al. [52] linked the enhanced tempocholine release from 
loaded DMPC SUV at the phase transition tempera- 
ture to the coexistence of domains of gel and fluid 
phases by inferring that, at the interface of these 
domains, occur interstitial lipids whose the intrinsic 
permeability would be larger than that of membrane 
bulk. This interpretation allows to explain similar phe- 
nomena: with pure pht~spholipids, the occurrence of 
maxima for the permeability of anions or cations at the 
phase transition temperature [53,37] and, with mixtures 
of phospholipids, the same at temperatures corre- 
sponding to the coexistence of two phases [54,55]. it is 
in line with a recent tnodelling [56] which links the 
enhanced passive permeability of lipid bilayers at the 
transition temperature to the lateral heterogeneity re- 
sulting from the cooperative fluctuations of lipid chain 
conformations. We will use the same interpretation to 
account for the action of filipin. We think that an 
increased Na ÷ permeability, leading to a parallel CF 
or CC release from loaded vesicles, may occur at the 
edges of the ordered domains corresponding to filipin- 
phospholipid aggregates. We failed to visualize ap- 
pearence of defects in freeze-fractured DMPC MLV, 
with filipin embedded during the preparation of mem- 

branes, at temperatures where 2H-NMR spectra 
showed the appearance of gel-like domains. However, 
we are not concerned with domains of different sym- 
metry, only distinguishable: we consequently think this 
absence of visibility does not affect the credibility of 
our thesis. Let us emphasize that the segregation pro- 
cess of phospholipids around filipin, leading to a mo- 
saic-like organization, would occur independently on 
both leaflets of bilayers. Consequently, it is only when 
the two mosaic-like leaflets would have their intersti- 
cial phospholipid annulii overlapping, that there would 
be an 'opening of a channel:, as visualized in the Fig. 
813. 

Finally. is the permeabilizing mechanisna the san~e ha 
the al)st'nct, and in the prt'st'lace of  cholesterol? Two 
argument,.; prompt us to think this: (i) the CD spectra 
of filipin-t~eated loaded EPC SUV clearly show that 
the filipin-cholesterol binding has levelled off before 
the complete development of permeabilization (Fig. 6); 
(ii) the CF and CC efflux percentages as a function of 
filipin/EPC are the same (Figs. 5A and 5B) whether or 
not vesicles contain cholesterol. However, a recent 
paper [57] has shown that the conductance increase of 
mixed I-palmitoyl,2-oleoylphosphatidylethanolamine 
and l-palmitoyl,2-oleoylphosphatidylcholine (the main 
component of EPC) BLM, by the action of filipin, 
occurred only in the presence of cholesterol. We think 
that this disagreement results from the difference in 
the membrane systems used. it is well known that SUV 
have special properties due to their high curvature 
[58,5,)1. 

In conclusion, we established that the first stage for 
permeabilization of SUV by the action of filipin corre- 
sponded to their agglutination, with loss of vesicular 
contents, without damaging the membranes. Conse- 
quently, the protrusions observed by electron mi- 
croscopy on cholesterol-containing membranes treated 
by filipin (equally apparent with pure filipin ill  and 
with filipin 4(1%, Dunia, ! and Benedetti, J., private 
communication), corresponding to the gathering I l l ]  
and the immobilization [12] of membrane cholesterol, 
does not provoke the membrane disruption. We can 
tentatively visualize these protrusions as a core of 
cholesterol covered by a filipin mantle, itself sur- 
rounded by phospholipids ordered under its influence, 
when we deal with DMPC and EPC bilayers. So, we 
reject our previous proposal [20] and we dismiss the 
'screen' model proposed by Dufourc et al. [60] and 
Dufourc [61] which suggested that cholesterol would 
prevent filipin from direct interaction with phospho- 
lipids. The depletion of vesicles would occur owing to 
'defects" (not visualizable as mechanical fractures but 
rather like annulii of interstitial phospholipid with an 
increased intrinsic permeability), at the edges of or- 
dered phospholipid domains. Although, in this firs~ 
stage, membranes stay intact we do not exclude that, 



with prolongated incubations with filipin, vesicles can 
fuse with loss of their integrity as it appears with other 
membrane perturbants like melittin [62]. 

Acknowledgements 

The author is indebted to Dr. J. Bolard for having 
followed this work with permanent close attention and 
Dr. E.J. Dufourc for the stimulating discussions which 
helped her to write it. Also she thanks Prof. F. Puisieux 
for allowing her to use the nanosizer from the Labora- 
toire de Pharmacie Gall6nique de I'Universit~ Paris-sud 
(URA CNRS 1218). This work was supported in part 
by a grant from lnstitut Curie. 

References 

I Bolard, J. (1~86) Biochim. Biophys. Acla 864, 257-304. 
2 Vcrkleij, A.J., De Kruijff, B., Gerritscn, W.F., Demel, R.A., Van 

Deem;n, L.L.M. and Ververgaert, P.II.J. (1973) Biochinl. Bio- 
phys. Acta 291,577-581. 

3 Tillack, T.W. and Kinsky S.C. (19731 Biochim. Biophys. Acta 323, 
43-54. 

4 Behnke, O., Tranum-Jensen, J. and Van Deurs, B. (19841 Eur. J. 
Cell Biol. 35, 189-199. 

5 Elias, P.M. Friend, D.S. and Goerke, J. (1979) J. ttistochem. 
Cytochem. 27, 1247-1260. 

6 Severs, N.J. and Robenek, H. (1983) Biochim. Biophys. Acta 737, 
373-4118. 

7 Miller, R,G. (1984) Cell. Biol. Int. Rep. 8, 519-535. 
8 De Kruijff, B., Ger~itsen, W.J., Oerleman:;, A., Demel, R.A. and 

Van Deenen, L.L.M. (1974) Biochim. Biophys. Acta 339, 30-43. 
9 De Kruijff, B. and Demel, R.A. 11974) Biochim. Biophys. Acta 

339, 57-711. 
10 Kelly, P.M., ltolland, J.F. and Bieber, L.L. 119791 Biochemistry 

18, 4769-4775. 
!1 Maurin, L., Bancel, F., Morin, P. and Bienvenue, A. 119881 

Biochim. Biophys. Acla 939, 1112- ! 10. 
12 Dufimrc, E.J. and Smith, I.C.P. 11985)Biochemistqp 24, 2420- 

2424. 
13 Behnke, O., Tranum-Jensen, J. and Van Deurs, B. (1984) Eur. J. 

Cell Biol. 35, 200-215.  
14 Gassner, D. and Komnick, H. 119831Z. Naturforsch. 38c, 6411-663. 
15 Quigley, D.R., Jabri, E. and Selitrennikoff, C.P. (1987) Curr. 

Microbiol. 14, 269-274. 
16 Sc.~sa, G. and Weissmann, G. 11968) J. Biol. Chem. 243, 431~4- 

4371. 
17 Bittman, R., Chen, W. and Blau, L. 119741 Biochemistry 13, 

1374- i 379. 
18 Milhaud, J., Bolard, J. Benveniste, P. and Hartmann, M.A. 119881 

Biochim. Biophys. Acta 943, 315-325. 
19 Milhaud, J., Mazerski, J. and Bolard, J. 119891 Biochim. Biophys. 

Acta 98% ! ~,3-198. 
20 Milhaud, J., Mazerski, J., Bolard, J. and Dufimrc, E.J. (1989) Eur. 

Biophys. J. 1% 151-158. 
21 Ralston, E., Hjelmeland, L.M., Klausner, R.D., Weinstein, J.N. 

and Blumenthal, R. (19811 Biochim. FJiophys. Acta 649, 133-137. 
22 Szoka, F. and Papahadjopoulos. D. 11978) Proc. Natl. Acad. Sci. 

USA 75, 4194-4198. 
23 Stewart, J.C.M. (19801 Anal. Biochem. 104, 111-14. 
24 Sila, M., Au, S. and Weiner, N. (19861 Biochim. Biophys. Acta 

859, 165-170. 

3!7 

25 Szoka, F,C,, Jr., Jacobson, K, and Papahadjopoulos, D. 119791 
Biochim. Biophys. Acla 551,295-303. 

26 Allen, T.M. (19841 in Liposome Technology, Vol. 3, CRC Press, 
Boca Raton. 

27 Clement, N.R. and Gould, J.M. (1981) Biochemistry 20, 1544- 
1548. 

28 Fry, D.W., Courlhmd Whi:e, J. and Goldman, I.D. (19781 Anal. 
Biochem. 90, 809-815. 

29 Norman, A.W., Demel, R.A., De Kruijff, B., Geurts Van Kessel, 
W.S.M. and Van Deenen, ELM.  (1972) Biochim. Biophys. Acla 
290, 1-14. 

30 Norman, A.W., Demel, R.A., De Kruijff, B. and Van Deenen, 
ELM.  (19721 J. Biol. Chem. 247, 1918-1929. 

31 Kleinschmidt, M.G., Chough, K.S. and Mudd, J.B. (1972) Plant 
Physiol. 49, 852-856. 

32 Mazerski, J., Bolard, J. and Borowski, E. (1982) Biochim. Bio- 
phys. Acta 719, 11-17. 

33 Cantor, C.R. and Schimmel, P.R. (19811) in Biophysic.'d Chem- 
istry, Voh 3, p. ~59. 

34 Weinstein, J.N., Klausner, R.D., Innerarity, T., Ralston, E. and 
Blumenthal, R. (1981) Biochim. Biophys. Acla 647, 27{I-284. 

35 Blumenlhal, R., Millard, P.J., Hcnkart, M.P., Reynolds, C.W. and 
Ilenkart, P.A. (1984) Proc. Natl. Acad. Sci. USA 81, 5551-5555. 

36 Bramhall, J. (1984) Biochim. Biophys. Acta 778, 3g3-399. 
37 Bramhall, J., Iloffmann, ,I., De Guzman, R., M~t:lcstruque, S. 

and Schell, R. (1987) Biochemistry 26, 6330-6340. 
38 Lis, L.J., Mc Alister, M., Fuller, N., Rand, R.P. and Parsegian, 

V.A. (1982) Biophys. J. 37, 667-672. 
39 Mimms, L.T., Zamplighi, G., Nozaki, Y., Tanflwd, C. and 

Reynolds, J.A. 11981) Biochemistry 20, 833-8411. 
411 ttauser, H., OIdani, D. and Phillips, M.C. 11973) Biochemistry 12, 

45117-4517. 
41 Deamer, D.W. and Bramhall, J. 11986) Chem. Phys. Lipids 40, 

167-188. 
42 Bergy, M.E. and Eble, T.E. (1968) Biochemistry 7, 653-659. 
43 Pandey, R.C. and Rinehart, K.L. (19711)J. Antibiotics 23, 414-417. 
44 Edwards, D.M.F. 11989)J. Antibiotics 42, 322-324. 
45 Merck Index, 10lh Edn. (1983). 
46 Maurin, L., Morin, P. and Bienvenue, A. (1987) Biochim. Bio- 

whys. Acta 900, 239-248. 
47 Schroeder, F., Holhmd, J.F. and Bieber, L.L. (1972)l]iochemistry 

11, 3105-3111. 
48 Katzenstein, I.P., Spielvogel, A.M. and Norman, A.W. (1974)J. 

Antibiotics 27, 943-951. 
49 Dufimrc, E.J. and Smith, I.C.P. (1985) Biochemistry 24, 24211- 

2424. 
50 Simon, S., Mclntosh, T.J. and La Torte, R. 11982) Science 2116, 

119fi- ! 198. 
51 Griffith, O.H., Dehlinger, P.J. and Van, S.P. (!0741 .I. Membr. 

Bioh 15, 159-192. 
52 Marsh, D., Watts, A. and Knowlcs, P.F. (1976) Biochemistry 15, 

35711-3578. 
53 Papahadjopoulos, D. Jacobson, K., Nir, S. and Isac, T. (1973) 

Biochim. Biophys. Acta 31 I, 330-348. 
54 Shimshick, E.J. and McConnell, ll.M. (1973) Biochemistry 12, 

2351-2360. 
55 BIok, M.C., Van der Neut-Kok, E.C.M., Van Deenen, L.L.M. 

and De Gier, J. (1975) Biochim. Biophys. Acta 4116, 187-196. 
56 Cruzeiro-Hansson, L. and Mouritsen, O.G. (1988) Biochlm. Bio- 

phys. Acta 944, 63-72. 
57 Krawczyk, J. and Cukierman, S. (1991) Biochim, Bioph:,s. Acla 

1063, 60-66. 
58 Milhaud, J., Itarlmann, M.A. and Bolard, J, (1989) Biochimic 71. 

49-56. 
59 llartsel, S.C., Benz, S.K., Peterson. R.P. and Whyt¢, B.S. (19911 

Biochemistry 30, 77-81. 



318 

60 Dufourc, E.J., Jarrell, tl.C. and Smith, I.C.P. (1~J86) in Surfac- 
taats in ~lution (Mittal, K.L. and l~thorel, P., eds.) pp. 8~7-g1|5, 
Plenum Press, New York. 

61 Duf~mrc, E.J. (1q88) in Membrane biogenesis (Op den Kamp, 

J.A.F., ed,), pp. 177-20fL Springer, Berlin, tteidclberg, New 
York. 

62 Morgan, C.G., Willamson, tt., Fuller, S. and Hudson, B. (1983) 
Biochim. Biophy:~. Acta 732, 688-674. 


