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The binding of the pentacne antibiotie filipin to cgg-yolk phosphatidylcholine (EPC) and  dimyristoylphosphatidylcholine
(DMPCY unilamellar vesicles. has been studied by ultraviolet (UV) absorption and circular dichroism (CD). A stoichiometry of
one molecule of filipin for five molecules of phospholipid was demonstrated by CD when phospholipids were in fluid phasc. The
similarity of the CD spectra with EPC and DMPC established a similar filipin-phospholipid assemblage in both membrances. We
thereiore postulated that filipin incorporation leads to the formation of gel-like domains in fluid EPC membrances as previously
demonstrated for fluid DMPC membranes (Milhaud, J., Mazerski J., Bolard, J. and Dufourc, E.J. (1989) Eur. Biophys. J. 17,
151-158). The release of fluorescent probes (carboxyfluorescein (CF) or caleein (CC)), entrapped in EPC small unilamellar
vesicles (SUV). due to the action of filipin, was followed by fluorescence and CD measurements concomitantly. The following
observations were made. (1) The percentage of released probe, as a function of the filipin/ phospholipid molar ratios, was the
same whether or not membranes contained cholesterol. (2) The permeabilization of vesicles proceeded concomitantly with
filipin-phospholipid binding while filipin-cholesterol binding leveled off. (3) The release of the content of vesicles occurred by an
all-or-none mechanism leaving the depleted vesicles intact. From these observations and from the previous structural findings, a
new interpretation of the action of filipin is proposed. Precluding any disruptive effeet, inducement of permeability would result
from the high intrinsic permeability of the interfacial region at the boundaries of the gel-like domains corresponding to the
filipin-phospholipid aggregates. Additionally, we obtained the permeability cocefficients for the anionic forms of CC and CF
across EPCSUV. 0.6-10 "ems Pand 2010 " ems 1 respectively, as compared to 2.5+ 10 Hems ! for the counterion Na!
(Hauser, H. Oldani. D. and Phillips, M.C. (1973) Biochemistry 12, 4507-4517).

Introduction

In contrast :0 polyene antibiotics such as nystatin
and amphotericin B, filipin, when interacting with
sterol-containing membranes, is considered a disrupt-
ing agent rather than a channel-forming one [1]. Since
1973, filipin has been known to provoke 15-25 nm
diameter hemispherical protrusions in cholesterol-con-
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taining membrancs, as obscrved by clectron 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 entitics such as enzymes
[8] led De Kruijtf and Demel [9] to propose the follow-
ing model; (i) the membrane-bound cholesterol associ-
ates with filipin to give bulky complexes; (ii) these
complexes, accomodated inside the hydrophobic core
of the membrane, provokes its deformation until frag-
mentation. The first statement was supported by ana-
lytical [10] and spectroscopic [11,12] methods; so, EPR
spectra exhibited by a spin-probe analogue of choles-
erol, established the gathering of sterol molecules by
the action of filipin, when filipin is in the same propor-
tion as sterol, and their immobilization, when it is in
the same proportion as phospholipid [11], which is in
agreement with *H-NMR results [12]. The membrane
fragmentation, however, is questioned by several obser-
vations. The microscopic examination of filipin-trcated
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red blood cells [13] established that iheir 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 disrunted, even at a filipin /cholesterol molar
ratio of 21; however, markers with molecular weights
up to 900 could penctrate. Finally, Quigley et al. {15]
did not observe any perceptible modification of the
Neurospora 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 phosphatidylcholines. We showed that this bind-
ing competes with filipin-cholesterol binding [19].

In the present paper, we show that vesicles contain-
ing a fluorescent-probe are permeabilized by filipin, to
the 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, we propose an
alternative interpretation for the membrane permeabi-
lization induced by filipin.

Materials and Methods

Materials

X1 E-type EPC, EPA and DMPC were purchased
from Sigma (St. Louis, MO) and used without further
purification. Cholesterol was purchased from Carlo
Erba and was recrystallised in cthanol before use.
Filipin was purchased from Sigma and used as 75%
(70% filipin 111) unless otlicrwise mentioned (cf. else-
where). Filipin was prepared daily as 1072 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 supplicd by Eastman-
Kodak and purified according to Ralston et al. [21].
Calcein (CC) was purchasced from Sigma.

Vesicles

LUV were prepared by the reverse-phase evapora-
tion procedure [22] (buffer was 100 mM Na,SO,, 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 NaCl
(pH 7.3)) under N,.

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 X 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 fourth and
fifth fractions. The average internal volume of SUV,
determined by the released CF after lysis with Triton,
is 1 I/mol 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 observations

A X-100 Zeiss Plan ncofluar 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 uscd. This microscope was
cquipped with two scts of filters which permitted both
visible (excitation filter BP 450-490, emission filter LF
520) or necar UV obscrvations (excitation filter BP
365/11, cmission filter LP 397).

Dynamic light scattering

A submicron particle analyzer Coultronics N;MD
was used. The size distribution profiles of the scattered
intensitics as well as the mean vesicle size were auto-
matically determined by the instrument.

Spectroscopic measurements

For UV absorption, a Cary 219 spectrophotometer
was used. To determine the absorbances of mixtures of
filipin and EPC vesicles containing cholesterol, with
0.1 <r <85, 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. de is the differential molar dichroic absorp-
tion cocfficient.

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])). Measurementis on CF-loaded EPC SUV were



carried out at 10°C due to non-negligible leakage of CF
at room temperature.

Determination of the internal concentration of probe in
loaded vesicles and the fraction of the released probe

The fluorescence intensity /; emitted by a suspen-
sion of vesicles, loaded with CF or CC at thc internal
concentration C;, is proportional to C; up to a maxi-
mum, /., for C,,.. = 10 mM, from which it decreases
according to /[, =1 ./Q; (Q; is a cocfficient which
increases with C, up to a constant value Q.. for
C; > 100 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 I, such as:

1,/1,= 0, R= A,

where the proportionality coefficient, R, which relates
to the released probe concentration, depends on the
phospholipid concentration (we will publish clsewhere
its detailed expression). Curves in Fig. 1, showing this
dependence, are used as calibration curves to deter-
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Fig. 1. Fluorescence exaltation factor, A, by lysis of CF-loaded EPC

SUV by Triton, as a function of the internal CF concentration, for

two phospholipid concentratiors. @, EPC =30 uM: 0O, EPC =15
uM.
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mine C; by kncwing simultaneously A4; and the phos-
pholipid concentration. With SUV at 50 uM EPC and
C, = 100 mM, we have:

lx/ln=()m;|\(‘ﬂ'R=20 )

for 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 1/, to I, due to the released part of the probe
becomes:

AI=II/IH=RL)I-"‘(‘I (2)

Under the action of filipin the fluorescence intensity
at time ¢ may be written, if f, is the fraction of
permeabilized vesicles:

,l":.’r(ZA:IH'*'ZI:)'Hl“‘fr)ln (3)
] 1

and after lysis with Triton:
I, = ROy Colyy = 201,

for a 50 uwM suspension.

The fraction of released probe, F,, can correspond
to two extreme cases: cither cvery vesicle is reached by
filipin (f, = 1) and loses a fraction F,=AC,/C, of its
content or reached vesicles, corresponding to a fraction
f, = F, of vesicles, lose their whole contents, leading to
the flucrescence intensity /..

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

l,= A l,=RQ,AC I,

So, the released probe fraction F, = AC,/(, is from
Eqns. 1 and 2.

‘”1=(’r/lx)'((.)m;n /QI) 4)

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

I, =Fl+(-F)l,
from where:
[",=(l,—l”)/(|,—l‘,). (5)

We calculated the percentages of released probe from
Egn. 5.

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

(‘, = (‘" - A(‘, = (.‘" [ o
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from where the first-order rate constant k, is:
k=1/t1In(1/[1-(AC, /Cy]

Now, from Eqn. 4:

AC,/Cy=F =1, /1),

from where:

k=17t WL /(I.—- 1], (6)

Sequential analysis of the probe content of filipin-treated
vesicles

Different doses of filipin were added to aliquots of
CF-loaded EPC SUV, and distributed in tubes stood at
10°C for 15 min. An excess of cholesterol (=2 mM)
was then added and tubes stood at room temperature
for 20 min; they were then centrifugated at 10000 X g
for 5 min. Finally, 200 ul of cach supcrnatant was
dropped on the top of a small Sephadex G-50 column
in order to separate SUV from the relcased CF; these
columns, were placed in centrifugation tubes according
to the method of Fry ct al. [28]. After 10 min of
centrifugation at 50 X g and 3 min at 1000 X g, ‘eluates’
were collected in the bottom of tubes; they were sub-
mitted to two complementary tests: the mecasurement
of the fluorescence exaltation factor after Triton trcat-
ment, A, and the phospholipid concentration assay.
Using calibration curves (Fig. 1), the internal CF con-
centrations of cach 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 (< 1 h) preventing
any prolonged change.

Results

(A) Filipin-cholesterol binding as determined by 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 sterols [29-31]). The absorbance
ratios A;,,/A:; 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 A,,/A4.;, absorbance ratio higher
than that of the free filipin spectrum. The superposi-
tion of two spectra would result in a A,,/4 157 ratio
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Fig. 2. Ratios of absorbances at 322 and 357 am for suspensions of

cholesterol-containing EPC vesicles (EPC = 50 M) treated by fil-

ipin, as a function of the filipin Hl-to-cholesterol molar ratio r.
@, EPC/CHOL(88:12)SUV: 0, EPC/CHOL(83:17) LUV.

intermediate between those of free and bound filipin.
So, as r increases, the A,,./A4 357 ratio is smaller prior
to and after completion of the filipin—cholesterol com-
plex. Therefore, the observed maxima suggest that the
stoichiometry of the filipin-cholesterol binding 1: 1.

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

To complete previous studies [19,20] filipin was
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-phasc 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 sclf-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-
g :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
absorntion: 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 (1 /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 temperaturc (Fig.
4). The results confirmed those of the >H-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 free state to a
phospholipid-bound state, Scatchard diagrams were
obtained. The slopes of such diagrams arc usually
negative; a positive slope in the beginning of these
plots, with maxima, indicates a positive cooperativity
[33]). No ncgative slopes were obtained with fluid-phase
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Fig. 3. 305 nm amplitudes of the dichroic signal of suspensions of

cholesterol-free EPC SUV and LUV incubated with filipin (81 uM)

as a function of the filipin 111-to-phospholipid molar ratio R, at 22°C
(incubation time: 15 min). o, EPC LUV; e, EPC SUV.
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Fig. 4. CD spectra of DMPC/EPA /Hilipin (75:5:20) LUV as a
function of temperature (DMPC =8 mM: for preparation, cf. Mcth-

ads). Inset: CD spectra of filipin (120 g M) in the presence (- -+ <)
or absence ( ) of preformed DMPC/EPA (95:5) LUV at 30°C
with R=1.

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 from loaded vesicles

The increase of fluorescence of suspensions of EPC
SUV and LUV, containing CF or CC, reflecting the
probe efflux due to the action of filipin, was followed.
This efflux was slow compared to the filipin-phospho-
lipid binding followed by circular dichroism: a fluores-
cence plateau, was reached in 30 to 60 min with CF
and 60 to 120 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 10°C, cf. Matcri-
als and Methods) from EPC SUV containing CF was
plotted as a function of R; expcrimental points met at
the origin via a straight line whether or not membrances
contained cholesterol (cf. Fig. SA). It was the same for
the percentage of CC released from EPC SUV contain-
ing CC at 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. SA). It is important
to note that, for these EPC vesicles, membranes were
in fluid phase.

To interpret these permeabilization results in the
light of our earlier CDD observations [18,19]. a dichroic
spectrum of every sample of EPC SUV, containing
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Fig. 5. Peicentages of released fuorescence probe from loaded EPC

vesicles as o function of the filipin H-0-EPC molar ratios. (A)

Vesicles containing CF at 10°C (EPC concentration range: 20 to 300

puM). O, EPC LUV: a, EPC/Chol (80:20) SUV: &, EPC SUV.(B)

Vesicles containing CC at 22°C (EPC concentration range: S0 to 130
uM). a. EPC/Chol (80:20) SUV: @, EPC SUV.

cholesterol, loaded with CF or CC, treated by filipin,
was performed before the addition of Triton to obtain
100% effiux. Resuits are shown in Fig. 6. The ampli-
tudes of the negative dichroic signals characteristic of
the filipin-cholesterol 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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Fig. 6, 368 nm and 305 am amplitudes of the negative dichroie
signals from suspensions of EPC vesicles containing 207 of choles-
terol and CF or CC, treated by filipin, as a function of filipin
HE-to-EPC molar ratios (at 10 and 22°C for CEF and CC, respectively)
and the corresponding percentages of released probe. a, 368 nm
dichroic signal (corresponding to the filipin-cholesterol binding): a.
305 am dichroic signal (corresponding to the filipin phospholipid
binding); @, percentage of released CF. @. percentage of released
.

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

CF internal concentrations of loaded EPC SUV aliquens after treatment by differene filipin doses © and percentages of empty vesicles recovered after

chromatography

18 min filipin treatment at 10°C: " EPC SUVL ¢ EPC/chol 75:28 SUV: Y under lysis by Triton X-100 of a 1.5 uM EPC aliquot after
chromaographic separation: * for determinations of. Materials and Methods: ! for determinations cf. text.

Sample Filipin Global CF content Exaltation Corresponding Empty
(in uM) (in mM) fluorescence genuine CF vesicles
factor ¢ content © (it
(in mM)
0 0 100
it 1 160 82 7 92 H
2 KY[\} 13 8 100) 87
0 0 100 §
ne 3 160 67 0 83 20
370 48 10 100 2
. )
me ¢ 0 10
5 7 54 5 70 13
G Q0 [T
‘ 6 97 95 9 100 5
Ive 7 160 S8 8 100 42
8 240 3 7 92 67
9 370 13 5 70 81




Sequential analysis of CF content of filipin-treated EPC
SUV

To analyse the internal CF concentrations of aliquots
of EPC SUV containing CF, treated by different filipin
concentrations, the relcased probe was separated after
treatment from the recovered SUV (ef. Materials and
Methods). Ou. inttial aim was to establish if the probe
efflux results from a complete release from a part of
vesicles or a partial release from all vesicles simultanc-
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 ¢t al. [34] and Blumenthal et al.
[35]. However, the crucial point, here, is to demon-
strate that vesicles, partially or totally depleted, keep
their integrity. Results of 4 batches of EPC SUV are
presented in the Table I two of them contained 25
molc% of cholesterol. The third column gives the
average CF content of SUV after treatment, as deter-
mined by the fluoreseence after lysis with Triton, by
assuming that all vesicles are identical (progressive CF
cfflux from all vesicles simultancously). The fifth col-
umn gives the actual CF content of SUV as deduced
from the fluorescence exaltation after triton treatment
given in the fourth column (cf. Materials and Mcthods).
These actual concentrations clearly disagree with the
average ones: they remain constant around 85 + 15
mM and it can be therefore concluded that the mecha-
nism was all-or-none. In corollary, it is casy to calculate
that an important portion of rccovered vesicles were
empty. Indeed, fluorescence intensity after lysis divided
by the total number of vesicles, or by the number of
loaded vesicles, were respectively proportional to the
CF concentrations given in the third and the fifth
columns: so, the complement to 1 of the ratio of these
two concenirations gives the proportion of empty vesi-
cles; the corresponding percentages are given in the
sixth columr. Thus, depleted vesicles were chromato-
graphically cluted; they keep the integrity of their
membranes whiether or not they contain cholestesol.

A significant percentage of vesicles, were not recov-
ered when a cholesterol treatment, before chromatog-
raphy, was not performed (cf. Materiais and Methods).
This obscrvation agrees with Kelly et al. [10] who found
that the recovery percentage of EPC vesicles, submit-
ted to a prolongated incubation with filipin, followed
by gel filtration on Scpharose 4B, was small. We at-
tributed this fact to their agglutination as described
below.,

(D) Miscellancous investigations

(1) Agglutination of vesicles by the action of filipin
Suspensions of cholesterol-free EPC LUV contain-

ing CF or CC (at 10 mM concentration), were observed

by fluorescence microscopy before and after filipin
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treatment. Before treatment, uniformly scattered bright
points were observed; after 45 (CF) or 75 (CC) min of
trcatment, these points clustered together, here and
there, inside a veil which was visible by excitation in
ncar JV, where only filipin absorbs.

In addition, ihie granulometric behavior of suspen-
sions of cholesterol-free EPC SUV without probe, af-
ter filipin trecatment, 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 (30 nm diameter) with a much
smaller peak corresponding to residual MLV after
chromatography. After incubation with filipin at R =
().5, a new pcak, corresponding to clusters with diame-
ters approximately 300-times larger than those of SUV,
appearcd. We checked that a filipin solution at the
same concentration showed no such cluster. After ad-
dition of an cxcess of cholesterol {cholesterol /Hilipin =
4) to dissolve clusters the suspensions became turbid
and, after centrifugation (5§ min at 15000 rpm), the
scattered light profile of supernatant showed a reap-
pearance of SUV, with a disappcarance of filipin-SUV
clusters.

From these obscrvations we conclude that the vesi-
cles clustered together with filipin. This phenomenon
was alrcady remarked by Behnke ct al. [4].

(2) Permeabilizing action of gramicidin:  ‘natural’
translocation rates of CF and CC

Bramhall ct al. [36,37] demonstrated that the an-
ionic probe CF rcleased freely from unilamellar vesi-
cles; its release was simply prevented by the membrance
potential developed by the absence of a cosicomitant
release of the alkaline counterion. By cstablishing a
free circulation of this last one, owing to the addition
of an ionophore such as gramicidin, it is thercfore
possible 1o assess the ‘natural’ translocation rates of
CF and CC, what we did in order to interpret the
curves of Fig. 5; 10 uM of gramic¢idin was added to 50
uM 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 (for calculations sce Materials and
Mecthods) are reported in Fig. 7B. These rate constants
can casily be transformed to permeability cocfficients,
P, by knowing the trapped volume, V (1 I/mol of EPC,
cf. Materials and Mcthods) and the cortcspogding SUr-
face arca, A, of the membrane system (65 A?/mol of
EPC, cf. Ref. 38):

Pk VyAa=210 "ems or CF
P=0.06-10 "ems ! or CC,

These numbers correspond to the permeabilitics of
anions; they are, respectively, two and four orders of
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Fig. 7. (A) Action of 10 M gramicidin on suspensions of EPC SUV

containing CF or CC ({EPC) =50 uM): (I, corresponds to 1004

release, and is achieved by adding Triton). (B) The corresponding

first-order rate constants and permeability coefficients for the CF
and the CC release, respectively.

magnitude {arger than Na* permeability coefficients
through EPC LUV (9.5 10 " ems ™! cf. Ref. 39) and
EPC SUV (25:10"" cms ™! ¢f. Ref. 40). This con-
firms Deamer and Bramhall’s gencral statement [41)
that. for model membranes, anion permeability is sig-
nificantly greater than that of cations.

(E) Influence of the filipin composition on its permeabi-
lizing action

The filipin complex contains four components la-
belled I, 11, Il and 1V [42] where III and IV are the

two isomeric forms {43,44] responsible for the fungici-
dal activity of the filipin complex [42]. However, in
most reporis, 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% filipin 111 cf. Ref. 42), or to filipin 111
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 I11); pure filipin III has
been available since 1990. Most of our experiments
were performed with filipin *75%'. However, some of
experiments, were repeated using the pure filipin 111
QOur results referred to the portion of the filipin 1
deduced from the extinction coefficient (¢4,5 =9.2 - 10*
mol 'cm ! in DMSO), were in satisfactory agreement
with those obtained with pure filipin 111, In contrast,
we were not able to reproduce with filipin *40%' the
results obtained with filipin *75%". Indced, with filipin
‘409", we found results identical to those described by
Maurin ct al. [46], characterized by a 10-times higher
permeabilizing action of filipin and a strong dcpen-
dence on the presence of cholesterol in membranes. In
conclusion, our permeabilizing results, were assignable
to filipin 111 but not those obtained with filipin *40%".

Discussion

(1) Previous results

*H-NMR spectra of cholesterol-frec DMPC mem-
brancs, in which 12% filipin was incorporated during
their preparation, revealed the presence of gel-like
domains cnclosed in the bulk fluid; their proportion
decrcased as temperature increased. They were at-
tributed to filipin-DMPC aggregates [20].

Dichroic measuren-:nts of filipin incubated with
preformed cholesterol-free DMPC LUV 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 8-hydroxy-
sterols and attributed to a filipin-sterol comiplex [18].
For larger amounts of filipin, this spectrum was re-
placed by the one obtained with cholesterol-free DMPC
LUV [19].

(2) Structural results (Figs. 2 and 3):

The stoichiometry for the two filipin binding was
established. Filipin-cholesterol has a 1:1 stoichiom-
etry (Fig. 2). confirming Schroeder ¢t al. {47] and
Katzenstein ct al. [48]). Fo: filipin-EPC binding, a 1:5
stoichiometry was established (Fig. 3) at concentrations
of self-associated filipin (> 20 uM), 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-
lipids by the action of filipin, as showed by 2ZH-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; wec 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 cach leaflet the aspect of a mosaic (cf. Fig. 8A). The
implication of such an organization is discussed below.

(3) Permeabilization results (Figs. 5 and 6, table 1):

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 releasc 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 faster
than the CC one, the release percentage of CF is about
three times larger than that of CC tor the same
filipin/EPC molar ratio (Figs. SA and 5B). Conse-
quently, we will discuss only of a Na* permeabilizing
action of filipin.

Does the probe efflux occur by a progressive mecha-
nism on all vesicles 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 conients 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 ‘ail-or-none’ mechanism where a portion
of vesicles lose the whole of their contents. If tne

‘qu IIII”
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Fig. 8. (A) Tentative illustration of the latera! configuration at the

surface of a leaflet of o bilayer by the action of filipin; 1: Top view; 2:

cross section PP/(F-P: ordered phospholipid: I interstitial region).
(B) Cross section of a bilayer with *open channels’.

inverse is true, the depletion occurs by a ‘progressive’
mcchiznism 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). Neverthcless, 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 ).

Now, let us discuss De Kruijff and Demel’s model [9]
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 membrancs contained
cholesterol since empty like full vesicles were chro-
matographically separated from free probe (Table D).
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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) obscrvation of filipin-treated
loaded EPC LUV, by fluorescence microscopy; sec-
ondly, the *H-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 casc assignable to mixed
micelles (Dufoure, E.J., private communication).

What is then the permeabilizing mechanism, especially
in the absence of cholesterol? Dichroic spectra pcr-
formed during the permeabilization followed by fluo-
rescence showed (Fig. 6) that the efflux of both probes
occurred in parallel with filipin-phospholipid binding
while the filipin-cholesterol binding had alrcady lev-
clled 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
(sec Refs. 50 and 51). 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, tcmperature, pres-
ence of extrancous agents). ‘Transitory defects’, provid-
ing some sites of entry would increase in number when
intcractive strengths of cooperative type, act on the
hydrocarbon chain packing, such as gel-to-tluid transi-
tions or cmbedding of extrancous agents. So, Marsh et
al. [52] linked the enhanced tempocholine release from
loaded DMPC SUV at the phase transition tempera-
ture to the cocxistence 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 phospholipids, 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 modelling [S6] 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 *H-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
bc an ‘opening of a channel’, as visualized in the Fig.
8B.

Finally, is the permeabilizing mechanism the same in
the absence and in the presence of cholesterol? Two
arguments prompt us to think this: (i) the CD spectra
of filipin-ticated 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 arc the same (Figs. SA and 5B) whether or
not vesicles contain cholesterol. However, a recent
paper [57] has shown that the conductance increase of
mixed 1-palmitoyl,2-olcoylphosphatidylethanolamine
and l-palmitoyl,2-olcoylphosphatidylcholine (the main
componcnt 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 membranc systems used. It is well known that SUV
have special properties due to their high curvature
[58.59].

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 111 and
with filipin 409%, Dunia, I and Benedetti, J., private
communication), corresponding to the gathering [11]
and the immobilization [12] of membranc 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 first
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).
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