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Interactions between a paramagnetic analogue of cholesterol and filipin
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A paramagnetic analogue of cholesterol (called 25-doxyl-27-norcholesterol (CNO)), labeled near the w-end
of the hydrophobic tail, was used to study interactions of cholesterol with filipin. We observed by electron
microscopy that CNO- and cholesterol-filipin complexes are structurally equivalent. Two kinds of complexes
were seen by ESR spectroscopy and electron microscopy, depending on the stoichiometric R ratio between
the antibiotic and sterol. When R was high, an immobilized ESR spectrum appeared, showing strong
imbrication between CNO and filipin. When R was nearer to unity, an exchange-broadened spectrum
emerged, corresponding to a new phase that was very rich in CNO (a fast exchange between spins could
occur by nearest contacts). CNO was easily displaced from its complex (i) by gradual addition of genuine
cholesterol; and (ii) by an excess of phospholipids, owing to the very poor affinity of CNO (and cholesterol,
by extension) for filipin in the lipidic phase. Almost no difference appeared between the ESR spectra of

oriented samples, i.e. the probe showed no long-range order in any complex of CNO with filipin.

Introduction

Cholesterol is an essential element in the func-
tioning of mammal cells. In addition to the cases
in which this compound is transformed (into
steroid hormones, for example), it is also, directly
involved in the structural stability of plasma mem-
brane. However, many of its exact functions re-
main unknown. For instance, it is not understood
how cholesterol, which is synthesized in endo-
plasmic reticulum, becomes concentrated in
plasma membrane [1]. In somatic cells, for exam-

Abbreviations: CNO, 25-doxyl-27-norcholesterol; FI, filipin;
PC, egg yolk phosphatidylcholine; I, immobilized spectrum
component; E, exchange-broadened component; F, fast mobile
component.
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ple, this membrane (which represents only 2% of
total membrane) collects more than 80% of the
cholesterol [2]. This property was determined on
the one hand by assaying cholesterol in purified
plasma membranes and on the other by electron
microscopic observation of the appearance of
about 20 nm particles when a polyene antibiotic,
filipin, was added to cholesterol-containing mem-
branes [3]. Another polyene antibiotic, ampho-
tericin B, specifically interacts with these
cholesterol-containing membranes, probably creat-
ing small diameter pores which can induce ion
leakage and result in cell lysis [4-6). This is one of
the few examples of specific interaction between
cholesterol and hydrophobic compounds, as there
are a small number arguments in favour of specific
interaction between cholesterol and membrane
proteins [7,8].

Polyene antibiotic are consequently particularly
appropriate for studying the structure of mem-
brane complexes involving cholesterol. A number

0005-2736,/88 /$03.50 © 1988 Elsevier Science Publishers B.V. (Biomedical Division)



of papers have already dealt with the stoichiome-
try [9), the formation rate [10] and the structure of
these complexes [11], as well as the specificity of
the interaction between polyene antibiotics and
various derivatives of cholesterol [6]. Results con-
cerning the structure and the life times of the
complexes remain ambiguous, although they have
been obtained with many different methods
[12-15]. In this paper, we describe results ob-
tained by ESR spectroscopy on a novel para-
magnetic analogue of cholesterol, designated here
as CNO (25-doxyl-27-norcholesterol), whose
structure is specified below. Two previous papers
showed that CNO exactly mimics the behavior of
genuine cholesterol in three domains: (i) its in-
fluence on the phase transition of phospholipids,
(ii) the formation of pores in membranes in the
presence of amphotericin B and their destabiliza-
tion when filipin is added [16] and (iii) its interac-
tions with cytochrome P-450,, an enzyme from
the internal membrane of adrenocortical
mitochondria that catalyzes the transformation of
cholesterol into pregnenolone [25]. We demon-
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Structure formula of CNO.

strate here that filipin acts essentially by excluding
cholesterol from the membrane phase in a poorly
organized complex.

Materials and Methods

Chemical compounds. The synthesis of CNO has
been described in a previous paper [16]. Egg yolk
phosphatidylcholine and filipin were purchased
from Sigma. Cholesterol was a generous gift from
the Laboratory I'Oreal. These three compounds
were used without any further purification. Buffer
components were analytical grade from Merck.

ESR spectroscopy. Samples were prepared by
removal of solvent in a vacuum, from a methanol
solution containing the different compounds
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(phospholipids, polyene antibiotics, CNO, or
cholesterol, depending on the experiment) and
were suspended with a Vortex mixer in a 10 mM
Tris, 200 mM NaCl buffer (pH 7.35). Samples
then underwent several cycles of freeze-thawing
(generally five) until the shape and amplitude of
ESR spectra were stabilized. Spectroscopic mea-
surements were performed in flat (0.2 mm) quartz
cells with a thermoregulated device (+1 °C) from
Brucker. Oriented samples were obtained as de-
scribed by Oelschlager et al. [17]. The ESR spec-
trometer was a Brucker ER 200D apparatus, inter-
faced with an Apple 11 + microcomputer. (1024
points are recorded on the X axis.) Further elec-
tronic processing of the ESR spectra (double in-
tegration, simulations, and subtracting) was done
with home-made computer programs.

Electron microscopy. A liposome suspension was
applied to the grids, flushed with a few drops of
negative stain (uranyl acetate) and drained through
filter paper. Specimens were photographed on a
Jeol 200CX electron microscope.

Results

Electron microscopy of mixtures of phosphati-
dylcholine (PC), filipin and CNO (Fig. 1B) showed
two patterns of complexes identical to those ob-
served with genuine cholesterol [3]. When the ratio
R = (filipin) / (CNO) was very high (for instance
about 70), broad complexes (approximate diame-
ter of 100-180 nm) were visible (photo a), without
any membrane-like structure. In contrast the, ‘ho-
ley sheets’ appeared together with bilayer struc-
tures for low values of R (for instance about of 5
or less) (photo b).

The ESR spectrum of CNO showed different
components in the presence of filipin: Fig. 1A a
and b shows ESR spectra obtained at 4°C with
the same solutions as in Fig. 1B. CNO in pure PC,
under the conditions of Fig. 1A c, was fast rotat-
ing and produced a so called F typical spectrum.
When the ratio R = (filipin) /(CNO) was high, the
resultant spectrum (Fig. 1A a) showed a character-
istic shape, with a very long distance (66 gauss)
between extrema, and was an immobilized typical
spectrum (I). At low value of R, the spectrum
(Fig. 1A b) had two components. The first with
sharper peaks resembled the F type. The second
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component shifted the whole spectrum above the
base line at low field and below at high field: it
consists thus in a single broad band, as observed
in media where efficient spin exchange broadening
occurred, and it was called the E type.

For intermediate values of R the three compo-
nents, of types F, I, and E, occurred together in
various proportions, as discussed below. For rather
high values of R the proportions of 1 and F
components was obtained by subtracting spectra
of type I from the experimental spectrum and
resulting in an F type. For low values of R, if we
subtracted F type from the experimental spectrum
(Fig. 1A b or Fig. 3 b), the result was not any
reasonable spectrum of type E, because the free
component was broader than the F type in pure
PC. To evaluate the best shape of the two compo-
nents, the following operations were carried out:
different E spectra were obtained by simulation
and subtracted from the experimental spectrum
(Fig. 3b) until an F type resulted, that was con-
sistent with a simple broadening of the experimen-
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Fig. 1. (A) ESR spectra of liposome suspensions at 4°C. (a)
PC (3 mM), FI (11 mM), CNO (0.16 mM). (b) PC (3 mM), F1
(1.5 mM), CNO (0.3 mM). (c) PC (7 mM), CNO (0.03 mM).

(B) Electron micrograph (negative staining) of samples; (a)
bar: 230 nm and (b) bar: 90 nm.

tal F type (Fig. 1A c). The best E and F spectra
obtained by this method are shown in Fig. 3 ¢ and
d.

Effect of diluting cholesterol and filipin in phos-
pholipidic bilayers

The proportion of different spectral compo-
nents depended on the concentration of the con-
stituents in the hydrophobic phospholipid media.
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Fig. 2. (A) ESR spectra at 4°C, of samples containing PC (3 mM), FI (1.5 mM), CNO (0.3 mM), and various additions of PC: (a) 0,

(b) 9 mM, (c) 18 mM, (d) 37 mM. (B) Evolution of immobilized (I} and exchange-broadened (E) components after displacement by

PC. Initial samples had the following composition: PC = 3 mM, FI =11 mM, CNO = 0.16 mM (@) and PC =3 mM, FI=1.5 mM,
CNO = 0.3 mM (v).
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Fig. 3. ESR spectra (at the same amplification) of samples (PC =7 mM, FI =2 mM, CNO = 0.3 mM) after (a) and before (b)
addition of cholesterol; (c) Simulated exchange-broadened spectrum used for subtraction; (d) free (F) component obtained by
subtracting experimental ESR spectrum (b) from exchange broadened spectrum (c).
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For example Fig. 2A shows that the F component
increased when phospholipids were added at a
fixed filipin/ CNO ratio. Fig. 2B indicates the
evolution of I and E proportions. Although the
stoichiometry of the complexes filipin-CNO is not
precisely known, the values of the apparent dis-
sociation constant can be evaluated as follows:

C/CF=(Kopp/F)+1

where the concentrations, expressed as the molar
fractions in the phospholipidic phase, are C,, F;
and CF for total CNO, total filipin, and complex,
respectively. The K, values in the I and E case
were 0.07 and 0.16, respectively.

Displacement by genuine cholesterol

Addition of cholesterol led to the disap-
pearance of I and E components, as shown in Fig.
3 a, b. The intensity of the F component in-
creased, as expected after displacement of CNO
from its complex with filipin. The variation in the
proportion of the different components can be
plotted (Figs. 4 A-D) versus the amount of
cholesterol added to the four initial samples,
covering R values between 70 and 1. It should be
noted that, in the absence of cholesterol, some of
the spectra contained both I and E components in
addition to an F component. The (F) form of fast
rotating CNO increased as more cholesterol was
added to the sample, until cholesterol displaced all
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Fig. 4. Evolution in the proportions of different (I), (E) and (F) components, after addition of increasing amounts of cholesterol.

Initial composition of liposomes were:

(A) PC =7 mM, FI =15 mM, CNO = 0.022 mM;
(B) PC =7 mM, FI=1.5 mM, CNO = 0.05 mM;
(C) PC =7 mM, FI =2 mM, CNO = 0.2 mM;
(D) PC=1 mM, FI =02 mM, CNO = 0.2 mM;

(E) evolution of central peak amplitude (relative) of samples A, B, C, and D. 4, and A4, are signal heights (at constant gain) before
and after addition of cholesterol.



Fig. 5. ESR spectra obtained by dilution of CNO in complex.

The PC, FI, and sterol (CNO+cholesterol) concentrations

were kept constant (3 mM, 1.5 mM, and 0.3 mM, respectively).

Cholesterol concentration: (a) 0 (b) 0.075 mM, (c) 0.15 mM,
(d) 0.225 mM.

the CNO from its complex with filipin, at which
point the R ratio was nearly one. Finally, the
amplitude of the experimental spectrum (Fig. 4 E)
increases saturably with the concentration of
cholesterol, thus confirming the actual displace-
ment.

The same proportions for E and I components
were observed at 20 and 37°C. A slight increase
in the overall spectrum amplitude appeared but it
was only due to the influence of temperature on
the F component (data not shown).

Origin of the “exchange broadened’ E component
The observed E component could be due to

107

dipolar interactions in the complex or to colission
between probes [18]. To distinguish between these
two causes, filipin, PC, and the ratio R’ =
(filipin)/ (CNO + cholesterol) were maintained
constant (R’ =5) in samples while the CNO/
cholesterol ratio varied from 1:0 to 1:3. When
the concentration of CNO was lowered by gradual
dilution with cholesterol, the spin exchange was
less efficient and E component vanished (Fig. 5).
When the CNO/cholesterol ratio was 1:3 the
spectrum appeared like an F type, which was
somewhat broadened by spin exchange, since the
ratio CNO /cholesterol was still high. If the fili-
pin-CNO interactions had been the same at R=5
as at R=70 (Fig. 1A a), an I component would
become visible as E faded. At higher temperature
(20 and 37° C), we observed the same results as at
4° C (data not shown).

It can thus be concluded that CNO interacts
much less strongly with filipin in E form than in
the I form.

Oriented samples

In a macroscopically oriented sample arranged
either in parallel of perpendicular to the magnetic
field, the local order of the doxyl group can be
determined by analysis of the ESR spectrum shape
[19]. The shape variations of the oriented spectra
obtained with samples placed on a quartz plate
were very slight (Figs. 6A, 6B) both when the
probe were immobilized (I form) and exchange
broadened (E form). In contrast, the spectra ob-
tained with oriented model membranes showed
obvious differences depending on the orientation
[16].
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Fig. 6. ESR spectra of oriented egg phosphatidylcholine multilayers containing FI and CNO. The magnetic field was parallel

(

) or perpendicular (- - - - - - ) to the supporting plate. (A) R = 70, same sample as in Fig. 1A a; (B) R = 5, same sample as in

Fig. 5 d.
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Discussion

We first consider the proposition that all the
results reported above as well as the models dis-
cussed below, representing interactions between
CNO and filipin, can be extended to genuine
cholesterol. In addition to the arguments in Refs.
16 and 25, we rely on the symmetry between CNO
and cholesterol in the results of the present work,
as well as the structural identity of the complexes
that filipin forms with cholesterol and CNO (Fig.
1B), as observed by electron microscopy.

As shown in Fig, 1A, filipin strongly influenced
the immediate environment of the nitroxide probe
fixed to the end of the lateral chain of cholesterol.
In cases where filipin was in large excess (R = 30
or 70), an “immobilized” component mainly ap-
peared, whose spectroscopic parameters are con-
sistent with a correlation time of the probe move-
ments higher than 1077 s. It is therefore possible
that filipin captures CNO, in a rather mobile
environment including the hydrophobic tail. In
other words, CNO (and by extension cholesterol
itself) might be completely separated from the
membrane phospholipids. When the ratio R de-
creased, a new component appeared, showing a
very strong exchange interaction between the spins
of the free radicals. There are different ways to
dissociate the filipin-CNO complex. Addition of
stoichiometric amounts of cholesterol (Figs. 3 and
4) or ergosterol (data not given), or of a large
excess of phospholipids (Figs. 2A, B) is sufficient
to displace the CNO into the lipidic phase. As
expected, to induce a complete displacement of
CNO a much smaller excess of cholesterol was
needed (compare Figs. 2B and 4A). It is note-
worthy that the complex was formed in a repro-
ducible manner only after many freeze-thawing
cycles. Likewise, after addition of cholesterol or
phospholipids, the exchange between bound CNO
and free cholesterol took several minutes, which is
very long compared with the characteristic times
of magnetic resonance. This result is important in
the explanation of the cryofracture electron mi-
croscopy experiments performed to determine the
cholesterol-containing areas of the plasma mem-
brane [20], since it proves that a cholesterol ex-
change event is unlikely within the time the bio-
logical membrane was incubated with filipin, at

least at low temperatures. Further ESR experi-
ments in electron microscopy conditions (biologi-
cal membranes rather than model systems, relative
concentrations of filipin and cholesterol, tempera-
ture, fixation with glutaraldehyde, etc.) should be
carried out to clarify this point.

Moreover, our results indicate that the affinity
of filipin for cholesterol is very low: an apparent
dissociation constant of 0.15 was calculated with
molar fractions of reactants expressed relative to
the lipidic phase, which was the actual reaction
medium. A 10-fold dilution of these two reactants
led to a complete displacement of equilibrium
(Fig. 2B), which is in agreement with two other
studies: (i) after addition of filipin to membranes
[3], no complex could be detected by electron
microscopy, under a threshold of 5% cholesterol in
the membranes; (i) similarly, a larger excess of
filipin was needed to induce leakage of the inter-
nal contents of liposomes [16] when the propor-
tion of cholesterol in the membranes was reduced.

In the case where R was close to one, the
strong interaction observed in exchange broad-
ened spectra (Fig. 1A, spectrum b and Fig. 2A)
could be the result of one of two phenomena:
either a short distance exchange (less than 0.5
nm), due to numerous random collisions, as oc-
curs in a very fluid medium in which the probe is
highly concentrated; or from dipolar interactions
occurring over longer distances (up to 5-10 nm) in
systems in which relative spin orientations show,
in contrast, very few variations [21]. Under the
same conditions of stoichiometry and tempera-
ture, Dufourc and Smith {19], using H-NMR,
concluded that filipin immobilizes the cholestero!
ring at 4°C on a time scale of 10™° s, which
would also obviously apply to the shorter time
scale of ESR. The results in Fig. 5 clearly show
that the probe fixed at the end of the hydrophobic
tail of cholesterol was, in fact, highly mobile at all
temperatures. The broadening observed when
CNO was more concentrated was probably due to
collisions between probes; of course, the probabil-
ity of collisions decreases with the proportion of
CNO in the complexes fraction of sterols and with
decreasing temperature. By using our results and
those of Dufourc et al. [19] concerning the experi-
ments at 4° C, the cholesterol rings were shown to
be immobilized, whereas the nitroxide probe on



the hydrophobic tail was very mobile. Even in
phospholipid / cholesterol bilayer, the cholesterol
side chain-end movement is not completely eluci-
dated [22,23]. Thus, the large difference between
rings and side-chain mobilities observed in filipin-
CNO complex is yet more difficult to interpret.
This could be the result of the nitroxide labeling
and /or the use of DMPC by Dufourc et al. [19] in
contrast with egg PC in our experiments. Another
possibility is that the cholesterol tail is actually
much more mobile than the rings, as observed for
nitroxide spin label covalently bound to proteins,
when the spacer arm is sufficiently long [24]. In
any case, all the results are consistent with a
gathering of cholesterol in a phase containing no
or very few phospholipids. The filipin participat-
ing in the complex does not seem to be deeply
imbricated with cholesterol, although it stabilizes
the phase.

It is still very difficult to imagine the molecular
organization of the filipin-cholesterol complexes.
A model was proposed by De Kruijff et al. [11]
essentially on the basis of geometrical considera-
tions. It consists of a crown arrangement of im-
bricated molecules of cholesterol and filipin in
which the cholesterol molecules are parallel to the
membrane plane. Dufourc and Smith [19] have
criticized this model, considering that the ob-
served exchange of cholesterol between its com-
plexes with filipin and the rest of the membrane at
temperatures over 10 °C is scarcely consistent with
a different orientation of the cholesterol molecules
in these two situations. A high degree of cholesterol
organization in the complexes is in fact doubtful.
In our work, the ESR spectrum of the CNO in the
phase in which cholesterol was gathered by filipin,
showed almost no variation in the orientation of
the sample relative to the magnetic field (Fig. 6B).
The most likely explanation, considering the good
superposition of the two spectra obtained (Fig.
6B), is that the probe is organized randomly in
complexes relative to the membrane plane. This
does not mean that the cholesterol is completely
disordered. On the contrary, it is possible that
cholesterol molecules are well ordered perpendicu-
lar to the water/lipid interface, but because of the
very small radius of the interface curvature, no
long-range order appears. This model is in agree-
ment with the funnel shape proposed by Behnke
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et al. [3], whose hole is clearly visible by electron
microscopy (Fig. 1Bb). Nevertheless, not enough
evidence is yet available to settle unambiguously
the case of the complexes in which cholesterol is
immobilized (Fig. 6A): neither ESR spectroscopy
nor electron microscopy provide any indication in
favor of a microscopic orientation of these com-
plexes.

In conclusion, the results reported here con-
cerning the ESR spectra of CNO in the presence
of near the same amount of filipin are consistent
with a model in which cholesterol is gathered by
filipin in a nearly pure phase, with a stoichiometry
close to unity. According to the model, the hydro-
phobic tail of cholesterol would be very mobile in
this phase. However, in the presence of a large
excess of filipin, the tail would show a correlation
time longer than 10~7 s. Finally, there is no evi-
dence supporting a long-range organization of the
complexes cholesterol molecules.
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