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Abstract

New fluorescent cholesterol analogs, (22E,20R)-3L-hydroxy-23-(9-anthryl)-24-norchola-5,22-diene (R-AV-Ch), and the
20S-isomer (S-AV-Ch) were synthesized, their spectral and membrane properties were characterized. The probes bear a 9-
anthrylvinyl (AV) group instead of C22^C27 segment of the cholesterol alkyl chain. Computer simulations show that both of
the probes have bulkier tail regions than cholesterol and predict some perturbation in the packing of membranes, particularly
for R-AV-Ch. In monolayer experiments, the force^area behavior of the probes was compared with that of cholesterol, pure
and in mixtures with palmitoyloleoyl phosphatidylcholine (POPC) and N-stearoyl sphingomyelin (SSM). The results show
that pure R-AV-Ch occupies 35^40% more cross-sectional area than cholesterol at surface pressures below film collapse (0^
22 mN/m); whereas S-AV-Ch occupies nearly the same molecular area as cholesterol. Isotherms of POPC or SSM mixed
with 0.1 mol fraction of either probe are similar to isotherms of the corresponding mixtures of POPC or SSM with
cholesterol. The probes show typical AV absorption (V 386, 368, 350 and 256 nm) and fluorescence (V 412^435 nm) spectra.
Steady-state anisotropies of R-AV-Ch and S-AV-Ch in isotropic medium or liquid^crystalline bilayers are higher than the
values obtained for other AV probes reflecting hindered intramolecular mobility of the fluorophore and decreased overall
rotational rate of the rigid cholesterol derivatives. This suggestion is confirmed by time-resolved fluorescence experiments
which show also, in accordance with monolayer data, that S-AV-Ch is better accommodated in POPC^cholesterol bilayers
than R-AV-Ch. Model and natural membranes can be labeled by either injecting the probes via a water-soluble organic
solvent or by co-lyophilizing probe and phospholipid prior to vesicle production. Detergent-solubilization studies involving
`raft' lipids showed that S-AV-Ch almost identically mimicked the behavior of cholesterol and that of R-AV-Ch was only
slightly inferior. Overall, the data suggest that the AV-labeled cholesterol analogs mimic cholesterol behavior in membrane
systems and will be useful in related studies. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cholesterol is an important constituent in mem-
branes of most eukaryotic cells where it may partic-
ipate in the process of lipid domain formation in
dynamic and structural ways. Its diverse and contro-
versial role in membranes is a matter of numerous
studies employing a wide variety of physical and
chemical methods (for reviews, see [1^3]). Among
the physical methods used to gain insight into chol-
esterol's role in membrane structure and function,
£uorescence approaches have been useful despite a
rather limited choice of sterol probes. Such probes
include naturally £uorescent species as well as chol-
esterol derivatives with attached £uorescent reporter
groups. Among the ¢rst group of sterols, dehydroer-
gosterol and its analog cholesta-5,7,9(11)-trien-3L-ol
are commonly used because of their close similarity,
structurally and behaviorally in membranes, to nat-
ural cholesterol [4^7]. But the usefulness of these
probes is limited especially with respect to £uores-
cence microscopy imaging applications because they
have relatively low quantum yields, and they absorb
in the UV region and emit in the UV and deep blue
regions of the spectrum. Nevertheless, Mukherjee et
al. recently used dehydroergosterol for £uorescence
imaging microscopy of living cells. But this could be
accomplished only by using sophisticated and spe-
cially designed equipment because many optical com-
ponents of typical £uorescence microscopes absorb
strongly in the UV region [8].

Among cholesterol analogs with attached reporter
groups, derivatives with N-(7-nitrobenz-2-oxa-1,3-di-
azol-4-yl) (N-NBD) [9], 1-pyrenylmethoxycarbonyl
[10] or 3-pyrenylamino [11] £uorophores in the side
chain have been developed. However, because the
lifetime of the NBD £uorophore depends on the me-
dium polarity and pH in a complex way, and the
lifetime of the pyrenyl excited state is quite long,
these probes are not well suited to studies where
£uorescence anisotropy is to be measured in mem-
branes. Also, the increased polarity brought by these
groups to the tail region of the molecule adversely
a¡ects the probes' properties relative to those of
cholesterol. For example, the NBD-analog has
shown quite a di¡erent pattern of distribution in
cell membranes as compared to dehydroergosterol

[8]. Cholesterol analogs with (EEE)-1-methyl-6-phen-
ylhexatrien-1-yl and (EE)-1-methyl-4-(2-naphthyl)te-
tradien-1-yl £uorophores as a side chain also have
been described [12], but little is known hitherto about
their application. Other £uorescent sterols, more re-
motely related to native cholesterol, but similar to
steroid hormones, are also available [13]. Each probe
has its own merits as well as shortcomings.

It is clear that the cholesterol molecule is sensitive
to the insertion of new groups that can change its
properties drastically. For example, Gimpl and co-
workers [14] have shown recently that substitution of
cholesterol in the membrane environment of the oxy-
tocin receptor by analogs containing polar groups in
the sterol side chain strongly decreases binding e¤-
ciency of the receptor. Hence, careful design is a
must for £uorescent probes intended to mimic chol-
esterol in membranes. It is critical to retain the 3L-
OH interfacial anchor as well as the rigid 4-member
ring system with angular methyl groups (see [8,15]
for a discussion of this issue). It appears that the
C17 side chain is the most suitable site for insertion
of an external £uorophore. Previous work has shown
that modi¢cations of this part of the cholesterol mol-
ecule have the least negative impact on interaction
with phospholipids in bilayer [16^18].

To avoid the disadvantages of earlier probes and
to optimize the insertion point of the reporter group,
we have prepared cholesterol analogs in which the
apolar 9-anthrylvinyl (AV) group replaces part of
the sterol side chain. Earlier we synthesized a series
of AV-labeled phospholipid [19] and glycolipid [20]
probes that showed a close similarity in membrane
behavior as compared to their natural counterparts.
Monolayer experiments have shown that low concen-
trations of AV-labeled phospholipids (up to 1 mol%)
do not perturb lipid packing noticeably [19]. In ad-
dition, the AV £uorophore has several properties
that are well-suited for membrane studies. These
properties include good quantum yield and stability
as well as convenient excitation and emission char-
acteristics (see below). Also, the AV £uorophore can
be useful in resonance energy transfer studies. The
AV excitation spectrum overlaps the emission spectra
of protein £uorophores (Tyr and Trp), a feature es-
pecially useful for studies of lipid^protein interac-
tions. Moreover, the AV group can serve as an en-
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ergy donor to other £uorophores, particularly 3-per-
ylenoyl, making this pair suitable for studies of lipid^
lipid interactions [19].

Based on the results of these earlier studies, we
foresaw that attachment of the £at, non-polar AV
group as part of the side chain of cholesterol would
result in AV localization to the interior of the mem-
brane. This localization would be expected to cause
minor perturbation of the membrane, so that the
probe actually can mimic natural cholesterol well.
An interior bilayer localization of the £uorophore
for phospholipids with AV in their acyl chains was
demonstrated by 1H-NMR investigations [19]. Based
on these considerations, we have synthesized two
AV-labeled analogs of cholesterol, R-AV-Ch and S-
AV-Ch [21]. The probes have the AV group substi-
tuting for the C22^C27 tail of cholesterol and di¡er
in con¢guration at C20 (Fig. 1). Here, we report on
the basic photophysical properties of R-AV-Ch and
S-AV-Ch, their characteristic behavior in model
membrane systems, as well as describe potential ap-
plications of these new probes in membrane biophys-
ical studies.

2. Materials and methods

2.1. Materials

Dioleoylphosphatidylcholine (DOPC), 1-palmito-
yl-2-oleoylphosphatidylcholine (POPC), phosphatid-
ylglycerol (EPG) derived from egg phosphatidylcho-
line, cholesterol and Tris were purchased from the
Sigma Chemical Co; N-stearoyl sphingomyelin
(SSM), its palmitoyl analog (PSM) [22], and AV-la-
beled PC (APC) [23] were prepared as described pre-
viously. The synthesis of the £uorescent cholesterol
probes R-AV-Ch and S-AV-Ch [21] is summarized in
Fig. 1.

2.2. Computer simulations

The three-dimensional structures of cholesterol, R-
AV-Ch and S-AV-Ch, were calculated based on en-
ergy minimization for isolated molecules in vacuo
(Hyper Chem Molecular Modeling System program,
version 3 for Windows; Hypercube). The calcula-
tions were performed by using the Excel 5.0 (Micro-

soft) and SURFER, Surface Mapping System (Gold-
en Software, version 5.01) programs. The contour
diagrams of steric energy reveal the existence of sev-
eral minima for each molecule. Apart from the con-
former structures corresponding to the lowest energy
minimum (Fig. 2A), the structures (Fig. 2B) were
chosen from the forms having their local energy min-

Fig. 1. Synthesis of R-AV-Ch and S-AV-Ch probes.
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ima and C21 methyl group located on the L-side of
the molecule. Hence, these forms allow for a very
similar and preferred conformation of the C21 meth-
yl group, which has been proposed by Huang [24],
Vanderkooi [25], and Robinson et al. [26].

2.3. Langmuir ¢lm balance measurements

Surface pressure versus molecular cross-sectional
area isotherms were measured under a humidi¢ed
argon atmosphere with a computer-controlled, Lang-
muir-type ¢lm balance calibrated according to the
equilibrium spreading pressures of known lipid
standards [27]. Lipids were dissolved (51.7 Wl ali-
quots) and spread in hexane^ethanol (95:5). Films
were compressed at a rate of 6 4 Aî 2/molecule/min
after an initial delay period of 4 min. The subphase
temperature was maintained at ¢xed temperature
with a thermostated, circulating water bath. Water
for the subphase bu¡er was puri¢ed by reverse os-
mosis, activated charcoal adsorption, and mixed-bed
deionization; then passed through a Milli-Q UV Plus
System (Millipore, Bedford, MA); and ¢ltered
through a 0.22 Wm Millipak 40 membrane. Subphase

bu¡er (pH 6.6) consisting of 10 mM potassium phos-
phate, 100 mM NaCl, and 0.2% sodium azide was
stored under argon until use. The monolayer iso-
therms were recorded at 24³C. Subphase bu¡er con-
sisted of 10 mM potassium phosphate (pH 6.6), 100
mM NaCl, and 0.2% NaN3 stored under argon until
use.

2.4. Vesicle preparation and detergent-solubilization
studies

An aliquot of lipid solution in chloroform was
rotary-evaporated in a round-bottomed £ask and
kept in vacuo (20 Pa) for 2 h. The resulting thin lipid
¢lm was suspended in Tris-bu¡ered saline (10 mM
Tris-HCl in 150 mM NaCl, 1 mM EDTA, pH 7.4)
lipid concentration 200 Wg/ml, and kept for 40 min at
40³C on an ultrasonic bath cleaner under argon.
Then, the lipid suspension was extruded through pol-
ycarbonate membranes (Nucleopore): 400 nm (5
times), 200 nm (5 times) and 100 nm (5 times). The
vesicle size was determined by recording the 62.6³
scattering of the 632.8 nm line of a helium^neon
laser of a Coulter N4MD analyzer (Coultronics,

Fig. 2. Space-¢lling models. (A) Cholesterol, R-AV-Ch and S-AV-Ch at the lowest free energies. (B) Cholesterol, R-AV-Ch and S-
AV-Ch at local free energy minima exceeding the lowest by V4 kcal/mol and with 21-methyl group on the L-side of molecule. Hy-
droxy group is located on the left side of each molecule; 18-, 19- and 21-C atoms are shown in black.
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Margency, France). The mean vesicle diameter was
found to be 130 þ 20 nm.

Two di¡erent approaches were used for probe in-
sertion into membranes. In one approach, the R- or
S-AV-Ch probe itself was dissolved in ethanol or
dimethyl sulfoxide (0.2^0.5%), and then rapidly in-
jected into a bu¡ered suspension of cells or of bilayer
extrusion vesicles composed of cholesterol and PC.
The injected aliquot of AV-Ch was equivalent to
about 1 mol% of the total lipid. Because the preced-
ing approach resulted in incorporation of relatively
minor amounts of AV-Ch into the membranes (see
Section 3 for details), a second approach was used
also. It involved co-dissolution of AV-Ch probes
with DOPC (1:2^1:4) in organic solvent, evapora-
tion of the solvent, resuspension of the dried lipids
in ethanol, rapid injection of the dissolved lipids into
stirring bu¡er, followed by extensive dialysis at 5^
8³C [28]. Vesicles formed (50^100 Wg/ml) were used
within 6 h after preparation.

For Triton X-100 solubilization experiments, AV-
Ch-containing vesicles were prepared by the protocol
of Schroeder et al. [29]. Brie£y, the dried lipid ¢lm
was suspended in Tris-HCl bu¡er (20 mM, with
1 mM EDTA and 0.02% sodium azide, pH 7.4),
bath sonicated for 1 h at 50³C under argon, and
subjected to three freeze^thaw (15 min at 60³C)
cycles to obtain opalescent suspensions (lipid concen-
tration 200 Wg/ml). Two ml of the vesicles were main-
tained 30 min at 4³C and 140 Wl of refrigerated 10%
Triton X-100 solution in the above bu¡er were
added. After incubating for 20 min at 4³C, the mix-
ture was centrifuged at 180 000Ug for 1.5 h at 4³C.
Sedimented lipids and supernatant were recovered,
separately suspended in 5 ml of bu¡er containing
sodium dodecylsulfate (¢nal concentration 2%), and
bath sonicated (20 min at 40³C). Then AV-Ch probes
were quanti¢ed by their £uorescence (see below).

Erythrocyte ghosts (unsealed) from human blood
were prepared by the method of Shangguan et al.
[30].

2.5. Spectral measurements

Steady-state £uorescence measurements were per-
formed on a F-4000 £uorometer (Hitachi, Tokyo,
Japan) or a SPEX Fluorolog 112 instrument by using
thermostated 10U10 mm cuvettes with continuous

stirring. The £uorescence spectra are corrected. The
AV probes were excited at 370 or 389 (anisotropy
measurements) nm and the emission was recorded
at 430 nm (anisotropy measurements), with a 250^
400-nm pass ¢lter (Corning 9863) on excitation and a
UV-39 ¢lter (cut-o¡ ¢lter at wavelengths of 6 390
nm) on emission to eliminate stray light. The spectral
band width was 3 nm for excitation and 10 nm for
emission. The UV spectra were recorded on a Ultro-
spec II spectrophotometer (Pharmacia LKB, Brom-
ma, Sweden).

Time-correlated single photon measurements were
performed on a PRA 3000 system (Photophysical
Research, Ontario, Canada), using a thyratron-gated
£ash lamp (Model 510C, PRA) as excitation source.
The lamp was ¢lled with deuterium gas and operated
at about 30 kHz. Interference ¢lters (Omega/Saven,
Sweden) centered at 389.9 nm (HBW = 10.0 nm) and
440 nm (HBW = 11.3 nm), were used to select the
excitation and emission wavelengths, respectively.
To avoid reabsorption, i.e. `inner ¢lter' e¡ects, the
maximum absorbance was kept below 0.08.

The £uorescence decay curves were measured by
repeated collection of photons during 1000 s for each
setting of the polarizers, Fvv(t) and Fhv(t). The sub-
scripts vertical (v) and horizontal (h) indicate the
orientations of the polarizers. A di¡erence curve

D�t� � Fvv�t�3GFhv�t�
and a sum curve

S�t� � Fvv�t� � 2GFhv�t�
were constructed in every experiment. The scaling
factor, G, was obtained by normalizing the total
number of counts, Fvv and Fhv, to the steady-state
anisotropy, rs, according to

G � ��13rs�Fvv�=��1� 2rs�Fhv�
The time-resolved anisotropy was calculated from

r�t� � D�t�=S�t�
The £uorescence lifetimes were calculated by meas-

uring decay curves with the excitation polarizer ro-
tated 54.7³ with respect to the emission polarizer.
Deconvolution of the curves was performed on a
Silicon Graphic Indy workstation (IRIS release 5.2)
using a non-linear least squares analysis program,
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based on a modi¢ed Levenberg^Marquardt algo-
rithm [31^33].

3. Results and discussion

3.1. Cholesterol probe synthesis

The synthesis of the AV-labeled analogs of choles-
terol, R-AV-Ch (IIIa) and S-AV-Ch (IIIb) is sum-
marized in Fig. 1 and is described in detail earlier
[21]. Brie£y, 3L-acetoxy-5-pregnen-20-one (I) was
subjected to a Wittig reaction with ylide from meth-
oxymethyltriphenylphosphonium chloride, and sub-
sequently hydrolyzed by an acid to give a 6:4 mix-
ture (1H-NMR and HPLC data) of epimeric 20S-
(IIa) and 20R- (IIb) aldehydes. It should be noted
that aldehyde IIa, which is 20S on the formal basis,
has the same con¢guration as cholesterol which is
20R. It was shown earlier [34,35] that the Wittig
ole¢nation of the pregnenolone 20-keto group and
subsequent hydrogenation of the resulting ole¢ns
led to the preferential formation of products with
natural (20R) con¢guration irrespective to the ole¢n
E- or Z-con¢guration. Without separation, the epi-
meric aldehydes IIa and IIb were reacted with 9-an-
thrylmethylenetriphenylphosphorane in another Wit-
tig synthesis. Following alkaline hydrolysis to split
o¡ acetyl group, the R-AV-Ch (IIIa) and S-AV-Ch
(IIIb) analogs were obtained accompanied by minor
quantities of 20R,22Z- and 20S,22Z-isomers. The de-
sired analogs IIIa and IIIb were puri¢ed by HPLC (a
RP-18 column, mobile phase methanol^water, 19:1)
and obtained with total yields of 40 and 21% corre-
spondingly on the starting pregnenolone acetate I.
The stereochemistry of IIIa and IIIb has been as-
signed based on their 1H-NMR spectra. The more
abundant 20R-isomer IIIa has chemical shift of 21-
methyl group at a lower ¢eld 1H-NMR peak (N 1.37
ppm, J21;20 6.6 Hz) than 20S-compound IIIb (N 1.33
ppm, J21;20 6.4 Hz); such interdependence has been
shown previously on a series of related 20R- and
20S-compounds [34]. The 22E-structure of IIIa and
IIIb follows from 1H-NMR data (for H22: N 5.88
ppm in IIIa, and 5.95 in IIIb, dd, J22;23 16.5 Hz;
for H23: N 7.05 in IIIa, and 7.09 in IIIb, d, J23;22

16.5 Hz) and £uorescence spectra (see below). It
should be kept in mind that the probe with the

same C20-con¢guration as in cholesterol is R-AV-
Ch (IIIa), which originates from the 20S-aldehyde
(IIa). From the R-aldehyde IIb, the S-AV-Ch probe
IIIb was prepared.

3.2. Computer modeling

The 3-D structures of cholesterol and its AV ana-
logs are shown in Fig. 2. Obviously, both R-AV-Ch
and S-AV-Ch di¡er in their tail regions as compared
to cholesterol. Note that, in the lowest energy con-
formations (Fig. 2A), the orientation of the AV £u-
orophore is nearly perpendicular to the plane of the
tetracyclic ring system in a `free-space' unrestricted
environment for each of the £uorescent analogs. Yet,
the bulky `free space' conformations are not likely to
occur in the anisotropic and somewhat restricted en-
vironment created by lipid acyl chains in bilayer or
monolayer matrices. For this reason, we have con-
sidered the conformation of each probe at its local
energy minima, with the C21 methyl group close to
parallel with C18 and C19 methyls (see below).
Under such conditions, no fully extended conforma-
tion for the AV ring relative to the tetracyclic sterol
ring is obtained for R-AV-Ch. However, a conformer
of S-AV-Ch, with energy only V4 kcal/mol higher
than the lowest energy minimum, does show a rela-
tively extended structure (Fig. 2B). In fact, as with a
similar local-energy-minimum conformer of choles-
terol, the energy minimized conformer of S-AV-Ch
has the C21 methyl group located on L-side of the
molecule. The almost parallel orientation of this
group to C18 and C19 angular methyls should sig-
ni¢cantly stabilize the bilayer as it has been suggested
earlier [24^26].

The model simulations suggest that, relative to
cholesterol, both of the probes should produce
some perturbation in the packing of membranes.
The degree of perturbation is expected to be more
pronounced for R-AV-Ch than for S-AV-Ch because
the R-AV-Ch will maintain a bulkier, less-extended
conformation in a lamellar environment. The situa-
tion can be rationalized for the following reasons: (1)
the £uorophore is located at C20 and further away
placing it close to the bilayer mid-plane region where
acyl chain £exibility and degrees of freedom are
greatest; (2) the £uorophore is not bound rigidly to
the rest of molecule. A limited rotation about the
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C17^C20 and C20^C22 bonds enhances accommoda-
tion by neighboring lipid molecules. Taken together,
it would be predicted that perturbations in the mem-
brane packing induced by R-AV-Ch or S-AV-Ch
would be more pronounced at low values of surface
pressure. This prediction is veri¢ed by monolayer
experiments performed with a Langmuir-type ¢lm
balance (see below).

3.3. Monolayer studies

To determine how well the modeling simulations
predict the conformational behavior of R-AV-Ch
and S-AV-Ch and how well these £uorophores
mimic the behavior of native cholesterol, Langmuir
¢lm balance approaches were used to investigate the
force^area behavior of the £uorescent sterol deriva-
tives. The isotherms in Fig. 3 reveal several interest-
ing features. First, the surface pressure versus aver-
age molecular area isotherms of S-AV-Ch (Fig. 3Cor
D ; solid line) and of R-AV-Ch (Fig. 3E or F; solid
line) show that both probes behave somewhat di¡er-
ently than native cholesterol (Fig. 3A or B; solid
line). For instance, R-AV-Ch occupies 35^40%
more cross-sectional area than cholesterol at equiv-
alent surface pressures between 0 and 22 mN/m (e.g.
Fig. 3E vs. A; solid line). Also, R-AV-Ch mono-
layers collapse at signi¢cantly lower pressures than
cholesterol monolayers (22 vs. 45 mN/m). In con-
trast, S-AV-Ch occupies about the same cross-sec-
tional molecular area as cholesterol at equivalent sur-
face pressures between 0 and 23 mN/m. However, S-
AV-Ch monolayers also collapse at signi¢cantly low-
er surface pressures than cholesterol monolayers (23
vs. 45 mN/m). Hence, with respect to interfacial be-
havior, it is clear that S-AV-Ch mimics native chol-
esterol better than R-AV-Ch. In this regard, the
monolayer results support the conformational mod-
eling simulations (see Section 3.2) which predict R-
AV-Ch to be bulkier than S-AV-Ch.

To ascertain how well R-AV-Ch and S-AV-Ch
mimic the mixing behavior of cholesterol with repre-
sentative membrane lipids, the surface pressure ver-
sus average cross-sectional molecular area was deter-
mined when varying amounts of R-AV-Ch or S-AV-
Ch (0.1-, 0.3-, 0.5-mol fractions) were mixed with
POPC (Fig. 3E or C, respectively) or with SSM
(Fig. 3F or D). For comparison, control experiments

were performed with cholesterol^POPC mixtures
(Fig. 3A) or with SSM (Fig. 3B). POPC was of par-
ticular interest because it is liquid^crystalline, i.e.
liquid expanded, and has structural features regarded
as being typical of membrane phosphoglycerides (e.g.
saturated sn-1 and unsaturated sn-2 acyl chains). Iso-
therms of POPC mixed with 0.1-mol fraction R-AV-

Fig. 3. Surface pressure versus average cross-sectional molecular
area (23A). The monolayer isotherms were recorded at 24³C.
The subphase bu¡er consisted of 10 mM potassium phosphate
(pH 6.6), 100 mM NaCl, and 0.2% sodium azide; for other de-
tails see Section 2. (A) Cholesterol^POPC (mol/mol) isotherms.
999, pure cholesterol ; - - -, cholesterol^POPC, 5:5; W W W, chol-
esterol^POPC, 3:7; ^ W ^, cholesterol^POPC, 1:9; - WW -, pure
POPC. (B) Cholesterol^SSM (mol/mol) isotherms. 999, pure
cholesterol ; - - -, cholesterol^SSM, 5:5; W W W cholesterol^SSM,
3:7; ^ W ^, cholesterol^SSM, 1:9; - WW -, pure SSM. (C) S-AV-
Ch^POPC (mol/mol) isotherms. 999, pure S-AV-Ch^POPC;
- - -, S-AV-Ch^POPC, 5:5; W W W, S-AV-Ch^POPC, 3:7; ^ W ^, S-
AV-Ch^POPC, 1:9; - WW -, pure POPC. (D) S-AV-Ch^SSM
(mol/mol) isotherms. 999, pure S-AV-Ch^SSM; - - -, S-AV-
Ch^SSM, 5:5; W W W, S-AV-Ch^SSM, 3:7; ^ W ^, S-AV-Ch^SSM,
1:9; - WW -, pure SSM. (E) R-AV-Ch^POPC (mol/mol) isotherms.
999, pure R-AV-Ch^POPC; - - -, R-AV-Ch^POPC, 5:5; W W W,
S-AV-Ch^POPC, 3:7; ^ W ^, R-AV-Ch^POPC, 1:9; - WW -, pure
POPC. (F) R-AV-Ch^SSM (mol/mol) isotherms. 999, pure R-
AV-Ch^SSM; - - -, R-AV-Ch^SSM, 5:5; W W W, R-AV-Ch^SSM,
3:7; ^ W ^, R-AV-Ch^SSM, 1:9; - WW -, pure SSM.
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Ch or S-AV-Ch (Fig. 3E and C, respectively) were
almost identical to isotherms of POPC mixed with
the same amount of cholesterol (Fig. 3A). With 0.3-
mol fraction of the sterol derivatives, the S-AV-Ch
¢lms closely mimicked the behavior of cholesterol
¢lms at surface pressures above 10 mN/m; whereas
R-AV-Ch ¢lms always had larger average molecular
areas at equivalent surface pressures. A similar pat-
tern was observed at 0.5-mol fraction sterol at sur-
face pressures between 10 and 35 mN/m. However, a
collapse or pre-collapse transition was evident near
37 mN/m for S-AV-Ch and near 35 mN/m for R-
AV-Ch compared to 44 mN/m for ¢lms containing
equimolar cholesterol.

In addition to comparing the mixing behavior of
the R-AV-Ch and S-AV-Ch with cholesterol in
POPC, experiments also were performed with SSM.
This sphingomyelin species is a major component of
bovine brain sphingomyelin. The two-dimensional
phase transition of SSM is clearly evident in its iso-
therms (Fig. 3B, D, and F). This behavior has been
reported previously: see e.g. [36], and references
therein. As with cholesterol, mixing 0.1-mol fraction
of either £uorescent sterol with SSM diminishes the
sharpness of the 2-D phase transition. At 0.3-mol
fraction sterol, the 2-D phase transition of SSM is
completely eliminated regardless of sterol derivative.
However, careful examination of the isotherms re-
veals that, at equivalent surface pressures, SSM ¢lms
containing S-AV-Ch more closely imitate the area
behavior of SSM^cholesterol. SSM ¢lms containing
R-AV-Ch consistently have larger average molecular
areas when compared at equivalent surface pressures
below collapse at 0.3 and 0.5 sterol mol fraction.
Particularly striking is the behavior of pure R-AV-
Ch compared to R-AV-Ch-SSM mixtures (Fig. 3F).
The results clearly show that mixing R-AV-Ch with
SSM limits the probe's conformational behavior such
that it occupies signi¢cantly less cross-sectional area
than as a pure species. Nonetheless, even when mixed
with SSM, R-AV-Ch is considerably more bulky
than S-AV-Ch, which more closely mimics the inter-
facial behavior of cholesterol.

3.4. Light spectroscopic studies in liquid solutions and
vesicles

The absorption and £uorescence spectra of both

the probes R-AV-Ch and S-AV-Ch in ethanol are
nearly identical, and characteristic for 9-anthrylvinyl
system (cf. [23,37,38]); absorption: maxima at 386 (O
7000), 368 (O 7800), 350, and 256 nm (O 1.3U105

M31 cm31) ; £uorescence at 412^435 nm. This sug-
gests that the £uorophore of both the probes has the
same geometry as compared to other AV lipid deriv-
atives. The polarity of the environment has only a
minor in£uence on the AV £uorescence parameters
[38]. Fig. 4 shows excitation and emission spectra of
cholesterol analogs and phosphatidylcholine probe
APC in the POPC vesicles.

The steady-state £uorescence anisotropy values of
R-AV-Ch and S-AV-Ch in isotropic viscous medium,
rac-2,3-butanediol, are 0.147 and 0.184 at 20³C.
These values are higher than those obtained for other
AV probes in the same environment (e.g. 0.094 for
APC). The di¡erences re£ect hindered intramolecular
mobility of the £uorophore as well as decreased over-
all rotational rate of the rigid cholesterol derivatives.
It is noteworthy that S-AV-Ch has a higher aniso-
tropy value than R-AV-Ch. This can be attributed to
a higher stability of the conformation of the ¢rst
probe realized in solution that makes mutual rota-

Fig. 4. Normalized excitation (emission, 432 nm) and emission
(excitation, 370 nm) spectra of the probes: R-AV-Ch (999),
S-AV-Ch (- - -) and APC (^ ^ ^) in POPC vesicles (200 Wg/ml).
Probe^lipid ratio, V1:500; temperature, 20³C.
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tion of £uorophore and rest molecule less favorable
than in the R-isomer.

In POPC vesicles containing various mole frac-
tions of cholesterol (up to 0.5), the anisotropy in-
creases upon increasing cholesterol concentration in
the same way for both cholesterol analogs and APC
(Fig. 5). Here, a higher anisotropy is obtained for R-
AV-Ch as compared to S-AV-Ch, in the entire range
of cholesterol concentrations. This situation is oppo-
site to that in butanediol, but compatible with the
presence of a lipid lateral pressure in the bilayer.
Suppose that the OH group of cholesterol and of
both probes is located at the same depth in the bi-
layer and close to the phospholipid ester carbonyl
groups [25,39], then £uorophore of S-AV-Ch in its
extended conformation (Fig. 2) can be localized clos-
er to the middle of the bilayer than that of R-AV-Ch.
This consideration is supported by rotational corre-
lation time of the probes (see below). The anisotropy
for three probes, R-AV-Ch and S-AV-Ch and APC,
in POPC vesicles is temperature dependent and
shows incremental decreases with increasing of tem-
perature (Fig. 6). Since several parameters (i.e. the
order parameter, the rotational correlation time(s),
and the £uorescence lifetime) a¡ect the steady-state
anisotropy, no conclusive analysis of the data is pos-
sible without independent information.

It is known that, under certain conditions, anthra-
cene derivatives may become `stacked' or self-aligned
within the bilayer environment. Tocanne and co-
workers have studied this behavior using UV irradi-
ation to generate non-£uorescent dimers among PC

with sn-2 acyl chains carrying derivatized anthra-
cenes (see [40] and references therein). Detailed anal-
ysis of the self-association process indicated a dy-
namic association^dissociation event that produces
minimal interference with the photochemical proper-
ties of the probes because the lifetime of the excited
state of the probe is much faster than its di¡usional
rate under £uid-phase conditions involving random
probe distributions [41]. We noticed no tendency of
our AV steroid £uorophores to stack under our
membrane conditions, although such possibility ex-
ists under special circumstances, such as high probe
concentrations, either total or local. We based this
conclusion on the spectral responses obtained under
other conditions where the total or local concentra-
tion of AV probe is high. Such a situation occurs
with a 1.2 M solution of methyl (11Z)-12-(9-an-
thryl)-11-dodecenoate in isopropanol as well as
with AV-labeled ganglioside GD1a in water which
results in a micellar dispersion of the ganglioside.
In both cases, the emission spectra contain an addi-
tional broad peak with a maximum at 470^490 nm
and of low quantum yield which is associated with
excimer formation among AV £uorophores [20]. No
sign of excimer formation was observed in emission
spectra of AV probes, either of cholesterol analogs or
other, measured under conditions used in our mem-
brane studies (e.g. probe concentrations 0.05^2
mol%).

For the three AV-derivatives solubilized in POPC
vesicles containing di¡erent cholesterol contents, the
£uorescence lifetimes are similar and about 11 ns, as

Fig. 5. Steady-state £uorescence anisotropy versus cholesterol
content in POPC^cholesterol vesicles (200 Wg/ml) of the probes:
R-AV-Ch (999), S-AV-Ch (- - -) and APC (^ ^ ^). Probe^lip-
id ratio, V1:500; temperature, 20³C.

Fig. 6. Temperature dependence of steady-state £uorescence
anisotropy in POPC vesicles (200 Wg/ml) of the probes: R-AV-
Ch (999) and S-AV-Ch (- - -). Probe^lipid ratio, V1:500.
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is shown in Fig. 7. The £uorescence relaxation of R-
AV-Ch and S-AV-Ch is well described by a mono-
exponential function, while the decays of APC are
clearly bi-exponential, with a dominating lifetime of
about 11.5 ns (s 95%), and a shorter component of
about 3 ns. For APC, the average lifetime is plotted
in Fig. 7. The reason for a bi-exponential relaxation
is not known. However, quite often £uorophores lo-

cated in a microscopically anisotropic environment
show more complex decays [33,42]. In the lipid layers
studied here, the lifetime of S-AV-Ch increases while
that for the R-form stays constant with increasing
amounts of cholesterol. For APC, a rather weak de-
pendence was also found. The di¡erent lifetimes can
be explained by a varying O2 concentration in the
lipid bilayer, as well as by a cholesterol dependent
rate of O2 di¡usion. Because the £uorophores are
spatially distributed in the bilayer, the £uorescence
quenching and thereby the lifetime is expected to
vary.

The time-resolved £uorescence anisotropy experi-
ments yield more details because they actually pro-
vide the orientational correlation function of the ex-
cited molecules. At all cholesterol concentrations, the
£uorescence anisotropy decay, r(t) could be ¢tted to
the equation

r � �r03rr�exp�3t=P � � rr �1�
In Eq. 1, r0 and rr denote the limiting and residual
anisotropies, respectively. The rotational correlation
time is P. As could be seen from the Fig. 7B, the
rotational rate decreases slightly for S-AV-Ch and
APC, but is more pronounced for R-AV-Ch, with
increasing cholesterol concentration in the lipid bi-
layer of POPC. The residual anisotropy or the order
parameter increases with increasing cholesterol con-
centration for all AV derivatives, but the relative
increase is strongest for S-AV-Ch and APC (Fig.
7C). The rather small change in rotational rate and
the increase of order upon incorporating cholesterol
is similar to other studies, see [43,44], and other
works using as tools ESR and NMR spectroscopy
[45,46]. The somewhat less relative increase in order
of the R-AV-Ch suggests that this molecule does not
pack as well as compared to the other probes. The
latter is compatible with a less extended shape of the
R-form as compared to the S-AV-Ch (Fig. 2) and
agrees with the £uorescence steady-state anisotropy
experiments (see above). Hence by increasing choles-
terol concentration, the rotational motion of R-AV-
Ch should become more hindered, with a stronger
in£uence on the rotational correlation time (Fig.
7B). A packing in the lipid phase which is better
adapted for the S-form, as compared to the R-AV-
Ch, is also supported by monolayer experiments (see
above).

Fig. 7. Fluorescence lifetimes (A), rotation correlation times (B)
and residual anisotropy (C) of R-AV-Ch (999), S-AV-Ch
(- - -) and APC (^ ^ ^) in POPC vesicles with di¡erent choles-
terol content. The lipid concentration was 1.07U1032 M, the
probe^lipid ratio was 1:1000, and temperature 14³C. The qual-
ity of ¢tting decay functions to the experimental data was
judged by the statistical test parameters M2, Durbin^Wattson
(DW) and weighted residuals. The values of M2 and DW were
always less than 1.2 and larger than 1.7, respectively.
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Certainly, the anthrylvinyl group is a good deal
bulkier than the Me2CH(CH2)3 residue of cholester-
ol. Yet, localization to the most disordered region of
the bilayer probably helps diminish the perturbation
di¡erences. Another possibility might be that the S-
AV-Ch isomer disturbs the bilayer to a lesser extent
because of its C20 S-con¢guration compared to the
20R con¢guration. But exactly how much in£uence
such a change might have is unclear. Based on a
somewhat analogous situation, the in£uence of the
phospholipid sn-2 carbon chirality on interactions
in membranes, remain controversial. An example is
the function of gramicidin A and the related analog
channel function which are not in£uenced by the
phospholipid chirality [47]. However, Inagaki and
co-workers [48] have reported conditions when phos-
pholipid chirality does in£uence the two-dimensional
structure of £uid lipid bilayers. Hence, the issue ap-
pears unsettled. Nonetheless, the data reported here
suggest that the C20 con¢guration of S-AV-Ch
should have little or no in£uence on the interactions
of these probes with other molecules in membrane
systems.

3.5. Incorporation of sterol probes into pre-formed
bilayer vesicles and membranes

For model experiments, we introduced the AV
analogs of cholesterol in a mixture of the matrix
lipids. But labeling of pre-formed model preparations
or natural membranes needs external addition of
probes. We tested several procedures for labeling
with the cholesterol probes of model membrane
preparation, POPC^cholesterol (2:1, mol/mol)
vesicles, and erythrocyte ghosts. It was concluded
that the direct injection of a probe solution (0.2^
0.5% in ethanol) in suspension of the POPC^choles-
terol vesicles leads to a low degree of labeling. As
judged from the £uorescence intensity, less than 15%
of injected probes (0.2 mol % of total lipid) were
inserted in the bilayer. In contrast to the phospho-
lipid probe APC, a substantial part of the AV^chol-
esterol probe is absorbed in on glass walls of the
incubation vessels in such experiments. The absorbed
probe may be washed o¡ by rinsing the walls with an
appropriate solvent, e.g. a chloroform^methanol
mixture. The extent of probe absorption to the vessel
walls decreases when the ratio of wall area to probe

quantity is reduced. A complete understanding of
this phenomenon remains unclear, although this
problem was encountered earlier by other authors,
see e.g. [49].

More satisfactory results of model membrane la-
beling were obtained when AV^cholesterol analogs
were added as components of mixed DOPC probe
(2:1^4:1, mol/mol) vesicles. As much as 40% of the
probe taken was included in model POPC^cholester-
ol (2:1) liposomes after 1-h incubation at 37³C. In
the experiments on the labeling of natural mem-
branes, both methods of the probe insertion gave
similar results. Erythrocyte ghosts, after 1-h incuba-
tion at 37³C with R-AV-Ch or S-AV-Ch (ca. 0.5% of
total lipid) added as 0.2% solution in dimethyl sulf-
oxide, incorporated from 5 to 15% of the probe.
These values are several times lower than levels of
incorporation in erythrocyte ghosts of AV-labeled
phospholipids, e.g. APC under the same conditions
(data not shown). Our preliminary experiments on
the labeling of living culture of murine leukosis
EL4 cells (not shown) also reveal that levels of in-
sertion of cholesterol AV probes are several times
lower than that of APC. Evidently, labeling of nat-
ural membranes and living cells with R-AV-Ch and
S-AV-Ch probes is more complicated task than la-
beling with AV phospholipid probes, and will require
additional studies.

3.6. Detergent solubilization of phospholipid-
cholesterol vesicles (`raft' models)

One of the signi¢cant functions of cholesterol is its
recently discovered ability to interact with sphingo-
lipids to form specialized microdomains, or `rafts',
which are thought to play an important role in cel-
lular signaling, adhesion etc. (for reviews see [50,51]).
A characteristic feature of the `rafts' is their resist-
ance to solubilization by Triton X-100 at 4³C.
Schroeder et al. [29] have shown in their model mem-
brane experiments that liposomes consisting of chol-
esterol and high-melting, saturated chain phospholip-
ids are resistant to cold Triton X-100 whereas
liposomes with low-melting, unsaturated chain phos-
pholipids are solubilized. It is thought that this re-
sistance is brought about by interactions between
acyl chains although hydrogen bonding may play a
role [29].
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We tested the abilities of R- and S-AV-Ch to ren-
der `raft' lipids insoluble to Triton X-100. To accom-
plish this, we compared the solubilization of vesicles
prepared from POPC^cholesterol, 4:1 (`solubizable')
or from DPPC^PSM^cholesterol, 2:2:1 (`resistant')
with vesicles in which either R-AV-Ch or S-AV-Ch
was substituted for cholesterol. In control vesicles
containing cholesterol, R-AV-Ch or S-AV-Ch was
added as indicator (Table 1). In agreement with the
previous studies of Schroeder et al. [29], our data
show that the vesicles comprised of POPC
(Tm 6 0³C) are solubilized nearly entirely; whereas
vesicles comprised of DPPC^BSM (Tm s 40³C for
both) are resistant to detergent extraction. Analo-
gous vesicles with AV-Ch probes substituting for
cholesterol behave in a similar manner, although mi-
nor quantities of the probes appear to be extracted
by Triton X-100. A subtle aspect of the data in Table
1 is the observation that the extent of the probe
solubilization is always slightly higher for R-AV-Ch
than for S-AV-Ch. This behavior is indicative of a
slightly greater pertubation of lipid packing by R-
AV-Ch compared to S-AV-Ch and is consistent
with larger interfacial cross-sectional area predicted
by the molecular modeling results and observed in
the monolayer data (see Section 3.2 and 3.4). Never-
theless, the overall minor extent of the probes' solu-
bilization closely resembles that of cholesterol in bi-
layers comprised of `raft' lipids.

4. Conclusion

Earlier, we showed that AV-labeled phospho- and
glycolipids are reliable investigative tools for mem-
brane systems. These probes were used to study the
molecular organization of human high-density lipo-
proteins [52], the interaction of prostaglandins with
human low-density lipoproteins [53], the interaction
of in£uenza virus with gangliosides [54], the activity
of glycolipid transfer protein [55] and in others proc-
esses (for early works, see a review [19]). The data
accumulated to date show that the AV group at-
tached to the end of acyl chain produces minimal
alterations in behavior of the probes as compared
to unlabeled lipids.

At ¢rst glance, alterations might appear to be
more signi¢cant when the AV group is introduced
into cholesterol. But these alterations should not be
overestimated because any structural change will im-
pact to some degree. Even with dehydroergosterol, it
should be noted that two of the additional double
bonds signi¢cantly £atten the ring system as com-
pared to that of cholesterol to say nothing of the
additional double bond and methyl group in tail.
Nevertheless, dehydroergosterol is now regarded as
the best cholesterol-mimicking £uorescent probe [7,8]
despite its UV excitation properties and low quan-
tum yield. Our monolayer experiments show that
AV-Ch probes, especially S-AV-Ch, at low concen-

Table 1
Triton X-100 solubilization of vesicles

Vesicle lipid composition, molar ratiosa Fluorescence (% of total)

Pellet Supernatant

DPPC/BSM/R-AV-Ch, 40:40:20 89 þ 2 11 þ 2
DPPC/BSM/S-AV-Ch, 40:40:20 96 þ 2 4 þ 2
DPPC/BSM/Chol/R-AV-Ch, 40:40:19.5:0.5 93 þ 2 7 þ 2
DPPC/BSM/Chol/S-AV-Ch, 40:40:19.5:0.5 96 þ 2 4 þ 2
POPC/R-AV-Ch, 80:20b 3 þ 1 97 þ 1
POPC/S-AV-Ch, 80:20b 5 þ 1 95 þ 1
POPC/Chol/R-AV-Ch, 80:19.5:0.5b 4 þ 2 96 þ 2
POPC/Chol/S-AV-Ch, 80:19.5:0.5b 5 þ 2 95 þ 2

Vesicles were prepared by suspending the dried lipid ¢lm in Tris-HCl bu¡er, bath sonicating for 1 h at 50³C under argon, and sub-
jecting to three freeze^thaw cycles. The ¢nal lipid concentration was 200 Wg/ml. Two ml of the vesicles were maintained 30 min at
4³C prior to adding 140 Wl of refrigerated 10% Triton X-100 solution in the above bu¡er. The mixture was incubated for 20 min at
4³C, and then centrifuged at 180 000Ug and 4³C for 1.5 h. Pelleted lipids and supernatant were separated and AV-Ch probes were
quanti¢ed by their £uorescence.
aChol, cholesterol.
bNo sediment was observed.
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trations produce minimal perturbations in the system
packing. Moreover, the ability of the probes to mod-
ulate the detergent solubility of various lipid mix-
tures in a similar manner as cholesterol suggests
that these probes will be quite useful.

Taken together, our data show that the AV-la-
beled cholesterol analogs, especially S-AV-Ch, are
of potential interest for studies of the behavior of
cholesterol in model and biological systems. These
probes provide desirable £uorescent characteristics:
convenient location of £uorescence maxima, high
quantum yield and stability. Since AV £uorescence
lifetime does not depend on the environmental polar-
ity, measurements of the probes' anisotropy could be
e¡ective for monitoring of membrane £uidity in chol-
esterol-rich domains. The AV spectral characteristics
also are favorable for studies of protein^cholesterol
interactions via the resonance energy transfer tech-
nique. The same approach may be used for studies of
cholesterol^lipid interactions because AV is a good
donor for other £uorophores, such as the perylenoyl
group [19]. Still, reasonable care should be observed
in interpretation of results taking into consideration
the actual di¡erences of the probes and natural chol-
esterol. Additional studies are presently underway to
further evaluate the usefulness of these sterol probes
in studies of model and natural membranes.
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