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Abstract 6-Photocholesterol, a new photoactivatable analog of
cholesterol in which a diazirine functionality replaces the 5,6-
double bond in the steroid nucleus, was used recently to identify
cholesterol-binding proteins in neuroendocrine cells [Thiele, C.,
Hannah, M.J., Farenholz, F. and Huttner, W.B. (2000) Nat.
Cell Biol. 2, 42^49], to track the distribution and transport of
cholesterol in Caenorhabditis elegans [Matyash, V., Geier, C.,
Henske, A., Mukherjee, S., Hirsh, D., Thiele, C., Grant, B.,
Maxfield, F.R. and Kurzchalia, T.V. (2001) Mol. Biol. Cell 12,
1725^1736], and to probe lipid^protein interactions in oligoden-
drocytes [Simons, M., Kramer, E.M., Thiele, C., Stoffel, W. and
Trotter, J. (2000) J. Cell Biol. 151, 143^154]. To determine
whether 6-photocholesterol is a faithful mimetic of cholesterol we
analyzed the ability of this probe, under conditions in which it is
not photoactivated to a carbene, to substitute for cholesterol in
two unrelated assays: (1) to condense 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine monomolecular films and (2) to
mediate the fusion of two alphaviruses (Semliki Forest and
Sindbis) with liposomes. The results suggest that this analog is a
suitable photoprobe of cholesterol. ß 2002 Published by Else-
vier Science B.V. on behalf of the Federation of European Bio-
chemical Societies.
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1. Introduction

Cholesterol is a major component of cellular membranes
and serum lipoproteins. Its interactions with other membrane
constituents, including glycerophospholipids [1] and sphingo-
myelin [2,3], have been investigated intensively, and these in-
teractions are essential for many cellular processes [1]. Cho-
lesterol-rich domains in membranes, or rafts, are believed to
act as protein-localizing platforms; these domains have been
implicated in protein and lipid sorting and tra¤cking [4,5].
Cholesterol is also involved in the fusion of alphaviruses, spe-
ci¢cally Semliki Forest virus (SFV) and Sindbis virus (SIN),
with their host cell target membranes [6^12].

The membrane properties of cholesterol are directly related
to its structure. The rigid ring system of the sterol nucleus

a¡ords structural properties to the membrane [13,14], and
the presence of the 3L-hydroxyl group is required for the
condensing e¡ect of cholesterol on phospholipid monomolec-
ular ¢lms [15], as well as for the membrane fusion process of
SFV and SIN [7,9]. In addition, subtle alterations in the struc-
ture of the isooctyl side chain perturb the interactions of cho-
lesterol with other membrane lipids [1,16].

Photoactivatable analogs of lipids have been frequently em-
ployed to label proteins targeted by the parent lipids [17,18].
However, the introduction of a photophore into the molecule
of interest may interfere with the native behavior of the com-
pound. A photoactivatable cholesterol analog, 6-photocholes-
terol, in which a diazirine functionality (a carbene precursor)
has been introduced into the 6 position and the C5,C6-double
bond is absent, has been shown recently to bind to cholester-
ol-binding proteins in brain synaptic vesicles [19]. This probe
was also utilized to identify a cholesterol-binding protein in
Caenorhabditis elegans [20] and to study cholesterol^proteo-
lipid protein interactions in oligodendrocytes [21]. In the
present study, we found that 6-photocholesterol is fully capa-
ble of mimicking the behavior of cholesterol with respect to
mediating the fusion of SFV and SIN fusion with target lipo-
somes and condensing 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) ¢lms at all surface pressures we examined.
Our results provide support for the use of 6-photocholesterol
as a suitable probe for the identi¢cation of cholesterol-binding
proteins in membranes.

2. Materials and methods

2.1. Monolayer experiments and isotherm analysis
Cholesterol and POPC were obtained from Avanti Polar Lipids

(Alabaster, AL, USA) and used without further puri¢cation. 6-Photo-
cholesterol was synthesized from 6-keto-5K-cholestan-3L-ol as previ-
ously described [19]. Lipid stock solutions were prepared by dissolving
the pre-weighed solid in a known volume of spreading solvent
(HPLC-grade hexane/2-propanol, 3/2). The solutions were stored at
320³C and warmed to room temperature prior to each experiment.
Solutions containing 6-photocholesterol were kept in the dark, and all
experiments involving this probe were carried out under subdued
light. Monolayer experiments were performed on a subphase of
pure water (distilled and passed through a Milli-Q (Millipore Corp.,
Bedford, MA, USA) puri¢cation system to a resistivity of 18 M6/cm)
at ambient temperature (21 þ 1³C). Plots of surface pressure vs. mo-
lecular area of monolayers were constructed using a computer-con-
trolled Kibron W Trough S surface balance (Helsinki, Finland). Binary
¢lms were prepared by mixing appropriate volumes from stock solu-
tions, and all mixtures were produced immediately prior to use. Lipids
were spread in small aliquots (6 10 Wl) with a Hamilton digital sy-
ringe, which was rinsed with spreading solvent repeatedly before and
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after use, and compressions were initiated after a 5-min delay to allow
evaporation of the spreading solvent. The compression rate did not
exceed 4 Aî 2/molecule/min.

Data were collected with Filmware, a proprietary program from
Kibron, and the resulting isotherms were analyzed using Film¢t soft-
ware (Creative Tension, Austin, MN, USA). Ideal additivity of binary
monolayer systems is described by:

AZ � X 1�A1�Z � �13X 1��A2�Z �1�
where X1 and (13X1) are the mol fractions of components 1 and 2,
respectively, and (A1)Z and (A2)Z are the molecular areas of pure
components 1 and 2 at identical surface pressures, Z [22]. Negative
deviations from the linear relationship described by Eq. 1 are consid-
ered to indicate condensation, implying molecular packing among the
components in the binary system [23].

2.2. Viral fusion assay
Fusion of SFV or SIN with liposomes was measured using a lipid-

mixing assay based on pyrene excimer £uorescence as described before
[9^12]. Brie£y, pyrene-labeled viruses were generated by infection of
BHK-21 cells, which were cultured beforehand in the presence of 16-
(1-pyrenyl)hexadecanoic acid (Molecular Probes, Eugene, OR, USA).
Virus collected from the cell supernatant was puri¢ed by sucrose
density gradient centrifugation. Liposomes (large unilamellar vesicles,
diameter 200 nm) were prepared in 5 mM HEPES, 150 mM NaCl, 0.1
mM EDTA, pH 7.4 (HNE), by a freeze/thaw extrusion procedure [24].
Liposomes consisted of phospholipids (from Avanti Polar Lipids) and
high-grade cholesterol (from Solvay Pharmaceuticals, Weesp, The
Netherlands) or 6-photocholesterol (see above). The phospholipids
used were phosphatidylcholine (PC) from egg yolk, phosphatidyleth-
anolamine (PE) prepared by transphosphatidylation of egg PC, and
sphingomyelin (SPM) from bovine brain. Hydrated lipid mixtures,
subjected to ¢ve cycles of freezing and thawing, were extruded 21
times through a Unipore polycarbonate ¢lter with a pore size of 0.2
Wm (Nucleopore, Pleasanton, CA, USA) in a LiposoFast mini-ex-
truder (Avestin, Ottawa, Canada).

Pyrene-labeled SFV or SIN (0.5 WM viral phospholipid) and lipo-
somes (200 WM phospholipid) were mixed in 0.665 ml of HNE in a
magnetically stirred and thermostatted (37³C) quartz cuvette in an
AB2 £uorometer (SLM/Aminco, Urbana, IL, USA). Fusion was trig-
gered by the addition of 35 Wl of 0.1 M MES, 0.2 M acetic acid, pre-
titrated with NaOH to achieve the ¢nal desired pH, and the decrease
of pyrene excimer £uorescence intensity (excitation and emission at
340 and 480 nm, respectively) was monitored continuously. The fu-
sion scale was calibrated such that 0% fusion corresponded to the
initial excimer £uorescence intensity and 100% fusion to complete
dilution of the probe [9^12].

3. Results

3.1. Pure sterol ¢lms
The force-area isotherms for monolayers formed from pure

cholesterol and 6-photocholesterol were compared (Fig. 1,
curves a and b, respectively). Introduction of the diazirine
functionality at the 6 position resulted in an increase of the
mean molecular area of the sterol at low surface pressure by
approximately 1.6 Aî 2. The steep rise in the cholesterol iso-
therm into a condensed ¢lm, suggestive of an orientation nor-
mal to the plane of the interface [25,26], was also present in
the 6-photocholesterol isotherm, although slightly attenuated.
This is consistent with the molecule displaying a barely dis-
cernible tilt relative to the surface of the subphase. As the ¢lm
was compressed, the interaction between the diazirine group
and water (presumably the cause of this slight tilt) was
abruptly eliminated, and the surface pressure increased with-
out signi¢cant change in area. At this point, the rigid sterol
nucleus prevents any further signi¢cant change in molecular
area as the lateral pressure is increased. The close agreement
of the collapse pressures of the two compounds (46.1 þ 0.2
mN/m; Fig. 1) indicates that monolayers of either sterol can
withstand similar lateral pressures.

3.2. Mixed sterol^POPC ¢lms
It is well known that cholesterol increases the packing den-

sity of phospholipid-containing monolayers [23,27]. To further
compare the interfacial behavior of 6-photocholesterol with
that of cholesterol, mixed ¢lms of POPC and sterol were com-
pressed at the air^water interface. Stable monolayers were
formed from POPC and varying mol fractions of cholesterol
or 6-photocholesterol at all compositions (isotherms not
shown). The liquid-expanded phase of POPC persisted in mix-
tures with both sterols, but the curves became increasingly

Fig. 1. Compression isotherms of pure sterols cholesterol (curve a)
and 6-photocholesterol (curve b). Compressions were performed on
a subphase of pure water (see Section 2.1) and are representative of
at least three runs. Experiments with 6-photocholesterol were per-
formed under subdued light.

Fig. 2. Mean molecular area vs. composition at three surface pres-
sures. A: 5 mN/m; B: 10 mN/m; C: 20 mN/m. Dashed lines repre-
sent ideal additivity as derived from Eq. 1. R, cholesterol; F, 6-
photocholesterol.
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steep as the mol% of POPC decreased. At 70 mol% sterol,
they resembled a condensed ¢lm, consistent with strict order-
ing of the hydrocarbon chains at this composition. The ob-
served increase in collapse pressure with higher sterol mol

fraction indicates intimate miscibility of the two components
in the monolayer (data not shown) [28].

To compare quantitatively the condensation e¡ects we plot-
ted the molecular areas as a function of composition at 5, 10
and 20 mN/m (Fig. 2A^C). Dashed lines represent ideal addi-
tivity according to Eq. 1. Signi¢cant reductions in molecular
area were observed in each mixture and at all surface areas
examined. The condensation e¡ect induced in POPC by 6-
photocholesterol or cholesterol was virtually indistinguishable
at most compositions, and was greatest at high surface pres-
sure. The e¡ect increased with increasing mol% sterol, but
displayed a smaller e¡ect at 90 mol%.

3.3. Fusion of SFV and SIN with liposomes
In order to evaluate the ability of 6-photocholesterol to

support alphavirus fusion, we compared liposomes consisting
of PC/PE/SPM/cholesterol or PC/PE/SPM/6-photocholesterol
(molar ratios 1:1:1:1.5) as target membranes for fusion of
SFV or SIN. These alphaviruses enter cells by a process of
receptor-mediated endocytosis, followed by low pH induced
fusion of the viral envelope with the endosomal membrane,
with concomitant release of the viral genome into the cell
cytosol [29,30]. It is well established that fusion of SFV or
SIN requires the presence of cholesterol in the target mem-
brane, both in model membranes and in cells [6^12].

Fusion was initiated by acidi¢cation of a mixture of pyrene-
labeled virus and an excess of liposomes in the cuvette of the
£uorometer. In this system, fusion is monitored by a contin-
uous decrease of the pyrene excimer £uorescence intensity
arising from dilution of pyrene-labeled lipids from the viral
membrane into the target liposomes. At low pH, both SFV
(Fig. 3A) and SIN (Fig. 3B) fused rapidly and extensively with
the liposomes containing 6-photocholesterol (curves a). With
both SFV and SIN there was no fusion at neutral pH (curves
c). Fusion at low pH was dependent on the presence of 6-
photocholesterol in the bilayer, since neither SFV nor SIN
underwent fusion with liposomes prepared from PC/PE/SPM
(curves d). Interestingly, 6-photocholesterol appeared to be
even more potent than cholesterol in supporting fusion with
SFV or SIN; fusion with liposomes containing 6-photocho-
lesterol (curves a) was faster and more extensive than with
those containing cholesterol (curves b). In control experi-
ments, it became evident that 6-photocholesterol has the ca-
pacity to reversibly quench both excimer and monomer pyr-
ene £uorescence (results not shown). This explains the
apparent faster kinetics and higher extents of virus fusion
with photocholesterol-containing liposomes, fusion being
monitored as a decrease of pyrene excimer £uorescence inten-
sity. In the case of photocholesterol-containing liposomes, this
decrease results from the dilution of the pyrene probe from
the viral into the liposomal membrane and from the quench-
ing of pyrene £uorescence. Signi¢cantly, however, the pH
threshold for fusion of both SFV and SIN with liposomes
was identical, irrespective of whether cholesterol or 6-photo-
cholesterol was included in the target liposomes, as indicated
by the normalized extents of fusion shown in Fig. 3C.

4. Discussion

Recent in vivo experiments showed that 6-photocholesterol
is incorporated into lipid rafts in much the same manner as
cholesterol, and that the analog binds to apolipoproteins A1

Fig. 3. Low pH induced fusion of pyrene-labeled SFV or SIN with
liposomes containing cholesterol or 6-photocholesterol. Fusion was
measured online as a decrease of pyrene excimer £uorescence inten-
sity, as described in Section 2. A and B present fusion curves for
SFV (at pH 5.5) and SIN (at pH 5.0), respectively; curves a, lipo-
somes containing 6-photocholesterol at acid pH; curves b, liposomes
containing cholesterol at acid pH; curves c, liposomes containing 6-
photocholesterol at pH 7.4; curves d, liposomes without sterol at
acid pH. C presents the detailed pH dependence of SFV and SIN
fusion with liposomes containing 6-photocholesterol (solid circles) or
cholesterol (open circles); the relative extents of fusion at 60 s post-
acidi¢cation are presented normalized to the values at pH 5.5 (for
SFV) or pH 5.0 (for SIN).
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and B and caveolin/VIP21, which are both known to bind to
cholesterol [19,31]. This photoactivatable probe of cholesterol
was also employed recently to show that ABCA1, an ATP-
binding cassette transport protein, did not bind directly to
cholesterol in living cells [32]. We sought here to analyze the
extent to which this photoprobe mimics the behavior of cho-
lesterol in model membranes by using two di¡erent assays:
(a) the condensing e¡ect in PC-containing monolayers and
(b) the role of cholesterol in supporting the fusion of alpha-
viruses with target membranes.

The monolayer approach is well suited for investigation of
the interfacial properties of biologically relevant lipids (e.g.
[33,34]). The condensing e¡ect of cholesterol results from
the reduction of the extent of trans-gauche isomerization of
the fatty acyl chains of phospholipids in the presence of the
sterol [35]. In the presence of cholesterol, which is anchored
by the 3L-hydroxyl group to the aqueous interface, the phos-
pholipid's fatty acyl chains wrap around and are stabilized by
the rigid sterol nucleus, resulting in acyl chain ordering. These
attractive van der Waals interactions represent a measure of
the a¤nity between the two lipids [14,36,37]. The monolayer
results (Fig. 2) demonstrate that the structural features that
impart these properties to cholesterol are not disturbed by the
absence of the C5,C6-double bond and inclusion of the dia-
zirine functionality at the 6 position.

It is well established that target membrane cholesterol is
critically involved in the low pH induced membrane fusion
process of SFV or SIN during the infectious entry of these
viruses into cells [6^12]. In addition, studies in model systems
have revealed that the presence of sphingolipids in the target
membrane is required [11,12]. At low pH, conformational
changes in the E1/E2 heterodimeric viral envelope glycoprotein
mediate tight binding of the virus to target membrane choles-
terol [11]. Sphingolipids appear to catalyze the fusion reaction
per se, presumably through direct interaction with the E1 com-
ponent of the viral spike, thus promoting the formation of an
active fusion machine. Here, we demonstrate that 6-photocho-
lesterol fully maintains the ability of cholesterol to support
fusion of both SFV and SIN with liposomes. The character-
istics of the fusion processes in terms of the detailed pH de-
pendence are very similar to those with cholesterol-containing
liposomes (Fig. 3). This underlines the above conclusion that
6-photocholesterol is a good mimic of cholesterol.
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