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ABSTRACT: The formation and stability of ordered lipid domains (rafts) in model membrane vesicles were
studied using a series of sterols and steroids structurally similar to cholesterol. In one assay, insolubility
in Triton X-100 was assessed in bilayers composed of sterol/steroid mixed with dipalmitoylphosphatid-
ylcholine (DPPC), dioleoylphosphatidylcholine, or a 1:1 mixture of these phospholipids. In a second assay
fluorescence quenching was used to determine the degree of ordered domain formation in bilayers containing
sterol/steroid and a 1:1 mixture of DPPC and a quencher-carrying phosphatidylcholine. Both methods
showed that several single modifications of the cholesterol structure weaken, but do not fully abolish, the
ability of sterols and steroids to promote ordered domain formation when mixed with DPPC. Some of
these modifications included a shift of the double bond from the 5-6 carbons (cholesterol) to 4-5 carbons
(allocholesterol), derivatization of the 3-OH (cholesterol methyl ether, cholesteryl formate), and alteration
of the 3-hydroxy to a keto group (cholestanone). An oxysterol involved in atherosclerosis, 7-ketocholesterol,
formed domains with DPPC that were as thermally stable as those with cholesterol although not as tightly
packed as judged by fluorescence anisotropy. It was also found that 7-ketocholesterol has fluorescence
quenching properties making it a useful spectroscopic probe. Lathosterol, which has a 7-8 carbon double
bond in place of the 5-6 double bond of cholesterol, formed rafts with DPPC that were at least as detergent-
resistant as, and even more thermally stable than, rafts containing cholesterol. Because lathosterol is an
intermediate in cholesterol biosynthesis, we conclude it is unlikely that sterol biosynthesis continues past
lathosterol in order to create a raft-favoring lipid.

Many studies now indicate that ordered lipid domains
(rafts) composed of relatively saturated lipids (sphingolipids)
and sterol are likely to exist in eukaryotic cell membranes
(1) and play important roles in a number of biological
processes (2-7). The rules governing the participation of
different lipids in rafts have been partly worked out. Lipid
rafts exist in the liquid-ordered (Lo) state (8-11). This state
is characterized by tight packing, similar to that in the more
solidlike gel state, but also fast lateral motion, although
slightly slower than that observed in the more disordered
liquid-crystalline state (12-16).

In model membranes, the identification of lipid domains
has been detected by detergent insolubility, spectroscopic,
and microscopy methods (9, 14, 17-21). In this report, we
have used detergent insolubility and spectroscopy techniques
to look at the effect of sterol structure on lipid raft formation
in model membrane vesicles. Our previous studies have
shown that sterols having structures with an ability to pack
tightly with saturated lipids appear to be necessary for raft
formation (22, 23). However, the range of sterol structures
that possess this property has not been fully explored. This
question is of interest because its answer may reveal sterols
that can be used to distinguish biological processes dependent
on cholesterol itself and those that can be supported by any

raft environment. Methods of cholesterol depletion, used in
some studies to identify raft-dependent processes, do not
distinguish between these alternatives (see Discussion).

In this report, we examine a number of sterols and steroids
that differ from cholesterol by one or two chemical features.
The results indicate that most small modifications of
cholesterol structure have moderately deleterious effects on
the ability to support raft formation. However, the shifted
double bond found in lathosterol, an intermediate in cho-
lesterol biosynthesis, seems to allow it promote raft formation
more strongly than cholesterol. In the case of 7-ketocholes-
terol, a sterol with a physiologically important role in
atherosclerosis (24), raft-stabilizing abilities were maintained,
although packing with DPPC1 was not as tight as for
cholesterol. The implications of these results for sterol
function and studies of rafts are discussed.

EXPERIMENTAL PROCEDURES

Materials. Diphenylhexatriene (DPH) was purchased from
Aldrich Chemical Co. (Milwaukee, WI). Dipalmitoylphos-
phatidylcholine (DPPC), dioleoylphosphatidylcholine (DOPC),
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1 Abbreviations: DHE, dehydroergosterol; DOPC, dioleoylphos-
phatidylcholine; DPH, diphenylhexatriene; DPPC, dipalmitoylphos-
phatidylcholine; DRM, detergent-resistant membranes; OD, optical
density; 12SLPC, 1-palmitoyl-2-(12-doxyl)stearoylphosphatidylcholine;
SM, brain sphingomyelin.
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1-palmitoyl-2-(12-doxyl)stearoylphosphatidylcholine (12SLPC),
and brain sphingomyelin were purchased from Avanti Polar
Lipids (Alabaster, AL). Cholesterol and dehydroergosterol
(DHE) were purchased from Sigma Chemical Co. (St. Louis,
MO). All other sterols and steroids were purchased from
Steraloids (Newport, RI).

The poly(Leu) peptide acetyl-KKGL9WL9KKA-amide was
obtained and purified as previously described (25, 26).

Sterol melting points measured in a capillary apparatus
generally agreed with the values reported by the manufacturer
within a few degrees. Sterol purity was confirmed by thin-
layer chromatography of about 40 nmol samples on silica
gel plates, using the solvent systems 22:3 or 1:1 (v/v) hexane/
ethyl acetate. After the plates were sprayed with 3% (w/v)
cupric acetate:8% (v/v) phosphoric acid, the plates were
charred. At most, only minor impurities were detected.

Fluorescence Measurements. Fluorescence intensities were
measured on a Spex fluorometer using a semi-micro quartz
cuvette with a 10 mm excitation path length and 4 mm
emission path length. DPH fluorescence was measured at
an excitation wavelength of 358 nm and emission wavelength
of 429 nm. DHE fluorescence was measured at room
temperature at an excitation wavelength of 324 nm and
emission wavelength of 376 nm. Unless otherwise noted,
fluorescence was measured at room temperature.

Fluorescence Quenching Experiments. For experiments to
detect quenching by 12SLPC, ethanol dilution vesicles were
prepared as described previously (27). Lipids were mixed,
dried, redissolved in 20µL of ethanol, diluted 40-fold with
(800 µL) PBS buffer (10 mM sodium phosphate, 2 mM
potassium phosphate, 137 mM NaCl, 3 mM KCl, pH 7.4)
that had been heated to 70°C, briefly vortexed, and finally
cooled to room temperature. The samples contained 40 nmol
of phospholipid with or without 10 nmol of sterol/steroid
and 0.2 nmol of DPH. Samples with quencher (F samples)
contained either 20 nmol of DPPC and 20 nmol of 12SLPC
or contained 20 nmol of DOPC and 20 nmol of 12SLPC. In
corresponding samples without quencher (F0 samples) DOPC
replaced 12SLPC, so that they contained 20 nmol of DPPC
and 20 nmol of DOPC or contained 40 nmol of DOPC,
respectively. In some experiments SM was substituted for
DPPC. Background samples were also prepared in which
DPH was omitted. Background values were subtracted to
give the reported fluorescence intensities.

To perform quenching experiments, the DPPC-containing
F samples andF0 samples were prepared in quadruplicate.
Their fluorescence and that of the background samples and
samples containing DOPC in place of DPPC were measured
at 23°C. After ensuring that the fluorescence intensity values
in the individual DPPC-containing samples were reproducible
(commonly within 5-10%), each set of quadruplicates was
pooled into oneF sample and oneF0 sample, respectively.
The temperature dependence of the DPPC-containing samples
was then measured. Samples were heated continuously at a
rate of about 1.5 deg/min. An electronic thermometer was
used to check sample temperature, and at the desired
temperature fluorescence was quickly measured.

A similar protocol was used for SM-containing samples.
However, samples in which DOPC replace DPPC show
quenching that is relatively temperature independent (27, 28),
and so their fluorescence was only measured at 23°C.

Samples of ethanol dilution vesicles were prepared simi-
larly for experiments in which quenching by 7-ketocholes-
terol was measured. Lipids dissolved in 20µL of ethanol
were diluted to 1 mL with 10 mM sodium phosphate and
150 mM NaCl, pH 7. Samples contained a total of 200µM
nonfluorescent lipid. Fluorophores were present at an ad-
ditional 0.5-2 mol %. Samples with quencher (F samples)
contained 20 mol % 7-ketocholesterol, while quencher-
lacking samples (F0 samples) contained 20 mol % cholesterol
instead. Backgrounds without fluorophore were prepared, and
background values were subtracted from reported values.
Fluorescence quenching measurements were performed at
room temperature.

Percent Solubilization Experiments. Multilamellar lipid
vesicles containing 500 nmol of total lipid were prepared in
950 µL of PBS as previously described (22). Samples
contained 375 nmol of phospholipid and 125 nmol of sterol
with or (in background samples) without an additional 10
nmol of DHE. The phospholipid was DPPC, DOPC, or a
1:1 (mol/mol) mixture of DPPC and DOPC. The lipids
dissolved in organic solvent were mixed, dried with nitrogen,
dissolved in 200µL of chloroform, redried under nitrogen
and then for 30 min at high vacuum, and finally dispersed
in PBS that was heated to 70°C. The samples were then
mixed continuously for 15 min at 70°C using an automatic
vortexing machine. After the samples were cooled to room
temperature, optical density at 400 nm was measured using
a Beckman 650 spectrophotometer, and DHE fluorescence
(or background fluorescence) was measured. Next, 50µL
of a 10% (v/v) Triton X-100 solution was added to each
sample. After incubation at room temperature for 2 h, OD
and fluorescence were remeasured. Each sample was then
subjected to centrifugation at high speed for 15 min at
ambient temperature. Almost all of the supernatant (generally
over 950µL) was then removed, and the pellet was dispersed
by vortexing in 900-950 µL of PBS. The OD and fluores-
cence in the pellets and supernatants were then measured.

The values for the amount of DHE in the insoluble fraction
were roughly corrected for the difference between the
fluorescence intensity of a DHE molecule within a DPPC-
rich ordered domain and that for a DHE molecule in a
detergent micelle. This was estimated from the ratio of
fluorescence intensity (Ip/Is) in samples containing DPPC and
sterol/steroid after the addition of Triton X-100 to that in
samples containing DOPC and sterol/steroid after the addition
of Triton X-100. The latter samples dissolve completely,
while the former samples were in most cases almost fully
insoluble (see Results). (Because there was some solubili-
zation in DPPC, the correction factors used are slight
underestimates. Furthermore, no correction was made for
4-cholesten-3-one, which did not form an insoluble mixture
with DPPC.)

The fraction of DHE fluorescence in the pellet relative to
total fluorescence (frpellet) is given by frpellet ) Fp/(Fs + Fp),
whereFs is the intensity of fluorescence in the supernatant
and Fp is the intensity of fluorescence in the pellet. The
fraction of DHE molecules in the pellet (frDHEpellet) is given
by frDHEpellet ) (Fp/Ip)/(Fs/Is + Fp/Ip) ) Fp/(Fs[Ip/Is] + Fp),
whereIp is the intensity of fluorescence per DHE molecule
in the insoluble pellet, and the intensity per DHE molecule
in the supernatant is defined asIs. Combining these equations
gives frDHEpellet ) 1/(1 + (1/frpellet - 1)[Ip/Is]). Substitution
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of frpellet and Ip/Is ratios can be used to solve this equation.

In most casesIp/Is values were in the range of 1.45-1.95.
This is indicative of a higher intensity of DHE fluorescence
in ordered bilayers relative to its intensity in micelles. The
exceptions were 4-cholesten-3-one (Ip/Is ) 0.98), 7-ketoc-
holesterol (Ip/Is ) 0.66), and 4,6-cholestadien-3â-ol (Ip/Is )
1.16). These molecules must quench DHE fluorescence
within bilayers. Upon solubilization in excess detergent, it
appears that quenching is abolished due to dilution of the
DHE and quenching sterol/steroid in the micelles.

Anisotropy Measurements. Fluorescence anisotropy mea-
surements were made at 23°C using a SPEX Glan-
Thompson automated polarizer accessory. Samples were
prepared as described for the insolubility experiments except
samples were composed of 67 nmol of DPPC and 0.5 nmol
of DPH with or without 33 nmol of sterol. The lipids were
dispersed in 1 mL of PBS.

RESULTS

Choice of Cholesterol Analogues.The sterols and steroids
used to study the relationship between molecular structure
and raft formation are shown in Figure 1. Most of these
molecules were chosen because they differ from cholesterol
by a single chemical feature in the sterol ring portion of the
molecule. The aim was to identify the features of the
cholesterol molecule most and least critical for the stabiliza-
tion of ordered lipid domains. Some molecules chosen had
an altered polar group attached to the 3-position carbon atom
(cholesterol methyl ether, cholesteryl formate, cholestanone),
others had a shift in double bond position relative to that in
cholesterol (lathosterol, allocholesterol), one had both an
additional double bond and altered double bond positions
(4,6-cholestadien-3â-ol), and two had an additional polar

functional group attached to the sterol rings (7-ketocholes-
terol, cholestane-3â,5R-diol).

Effect of Sterol/Steroid Structure on the LeVel of Detergent-
Resistant Membranes Isolated from Model Membrane
Vesicles: Optical Density Experiments.The level of ordered
domain (raft) formation in the presence of the cholesterol
analogues was first studied using a detergent-insolubility
assay. This method is based on the observation that ordered
lipid domains tend to be insoluble in Triton X-100 while
disordered fluid domains are dissolved by the detergent (9,
29, 30). As a result, the amount of detergent-resistant
membrane (DRM) obtained from a preparation of model
membrane vesicles after addition of Triton X-100 can closely
reflect the amount of ordered domains that were present in
the sample prior to addition of detergent. Previous studies
have shown that this assumption is valid at 23°C for model
membrane vesicles containing the types of lipid mixtures
used in this report (9, 23).

The level of DRM obtained from model membrane
vesicles was assayed by two methods. In the first, the light
scattering (measured by optical density) remaining after the
addition of detergent to a preparation of multilamellar
vesicles was measured. Previous studies have shown that the
percent optical density (% OD) remaining after detergent
addition roughly approximates the percent DRM present for
multilamellar vesicles (23).

Figure 2 shows the effect of Triton X-100 on percent OD
values for mixtures of the sterols/steroids shown in Figure
1 with phospholipids. For comparison, these experiments
were repeated with cholesterol and with 4-cholesten-3-one,
a steroid that tends to destabilize ordered domain formation
(23). The phospholipids examined were dipalmitoylphos-
phatidylcholine (DPPC), dioleoylphosphatidylcholine (DOPC),
and a 1:1 (mol/mol) DPPC/DOPC mixture. The highest levels

FIGURE 1: Chemical structures of sterols/steroids studied in this report. The numbers shown indicate the key for thex-axes in Figures 2 and
3.
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of insolubility were observed in mixtures of DPPC and the
sterols/steroids (Figure 2, left). This insolubility indicates that
the mixtures of DPPC and sterol/steroid were sufficiently
tightly packed to resist solubilization by detergent and that
an ordered state was present (20, 23, 30). This is not
surprising because DPPC is a saturated lipid and at room
temperature tends to form the tightly packed liquid-ordered
state in the presence of high cholesterol concentrations. In
contrast, vesicles composed of 4-cholesten-3-one mixed with
DPPC were almost totally solubilized by detergent, in
agreement with previous studies (23).

In contrast to the behavior of mixtures containing DPPC,
only very low levels of insolubility were observed in mixtures
of the unsaturated lipid DOPC with sterols/steroids (Figure
2, middle). This is as expected, because previous studies have
demonstrated that mixtures of DOPC and cholesterol form
the loosely packed liquid-disordered state and so are unable
to resist solubilization by detergent (10).

The most interesting results were those in which sterols/
steroids (25 mol %) were added to a 1:1 DPPC/DOPC
mixture (Figure 2, right). In such cases, DPPC- (and sterol/
steroid-) rich ordered domains can coexist with DOPC-rich
disordered fluid domains (9, 22, 23). Under these conditions,
insolubility should reflect the amount of ordered domains
present (and to some degree the ability of such domains to
resist solubilization by detergent). The highest percent OD
values were observed for DPPC/DOPC mixtures containing
lathosterol, and values were just slightly less for mixtures

with cholesterol. This suggests that lathosterol has at least
as strong an ability to support detergent-resistant ordered
domain formation as does cholesterol. Mixtures with most
of the other sterols/steroids exhibited insolubility that was
significantly less than in the cholesterol-containing samples
but more than in the samples lacking DPPC and/or containing
4-cholesten-3-one. This behavior indicates that, except for
4-cholesten-3-one, the sterols/steroids tested support the
formation of separate DPPC-rich ordered domains to some
degree.

We were concerned that percent OD would not exactly
parallel insolubility (30, 31). Therefore, a second insolubility
assay was developed to try to confirm the percent OD results.
To do this, 2 mol % dehydroergosterol (DHE) was added to
the vesicles. Dehydroergosterol (DHE) is a fluorescent
cholesterol analogue with properties that are fairly close to
those of cholesterol (32, 33). Like cholesterol, DHE should
have a significant affinity for ordered domains (33), so that
the amount of DHE isolated in the DRM fraction (as detected
by DHE fluorescence) would roughly parallel DRM levels.
(This assumes DHE affinity for ordered domains is not
strongly dependent on the lipid composition of the domains.)
Figure 3 shows the DRM levels in phospholipid mixtures
with sterols/steroids as assessed by fluorescence. The values
shown in Figure 3B have been roughly corrected for the
apparent difference between the intensity of DHE molecules
in ordered DPPC-rich domains and that of the same number
of DHE molecules when dissolved in detergent (see Experi-
mental Procedures for details). In general, the results closely
parallel those obtained with percent OD. In particular, the
fluorescence assay again showed that lathosterol and cho-
lesterol were the sterols that most effectively promoted the
formation of detergent-resistant ordered domains and that
all of the other sterols/steroids except for 4-cholesten-3-one
were able to support some degree of ordered domain
formation.

Effect of Sterol/Steroid Structure on the Stability of
Detergent-Resistant Membranes Isolated from Model Mem-
brane Vesicles: Fluorescence Quenching Experiments.
Despite the agreement between the two methods used to
assay detergent insolubility, it still was possible that there
might be significant detergent-induced perturbations of the
equilibria between ordered and disordered domains when
assessed by the amount of material that was detergent-
insoluble (30, 34). Therefore, the participation of sterols/
steroids in domain formation by DPPC and the relative
stability of the ordered domains formed in mixtures contain-
ing DPPC and sterol/steroid were assessed spectroscopically
using intact vesicles. This was done by measuring the
quenching of the fluorescence of diphenylhexatriene (DPH)
incorporated into model membrane vesicles composed DPPC,
12SLPC [a fluorescence quenching lipid with behavior
similar to that of DOPC (9)], and sterol/steroid. When DPPC
and 12SLPC are mixed, they tend to form separated DPPC-
rich ordered domains and 12SLPC-rich disordered fluid
domains. Due to 12SLPC-induced quenching, fluorophores
residing within 12SLPC-rich domains fluoresce weakly,
whereas those in the DPPC-rich domains, which contain
relatively little 12SLPC, fluoresce more strongly (35-37).
Since DPH associates to a significant degree with DPPC-
rich domains (9, 35, 38), it is quenched less in vesicles
containing a mixture of DPPC-rich and 12SLPC-rich do-

FIGURE 2: Insolubility of 3:1 (mol/mol) phospholipid/sterol or 3:1
(mol/mol) phospholipid/steroid mixtures as assayed by optical
density (OD).y-axis shows the ratio of the OD after the addition
of Triton X-100 to that prior to the addition of Triton X-100. Left
series: Vesicles composed of DPPC and sterol/steroid. Middle
series: Vesicles composed of DOPC and sterol/steroid. Right
series: Vesicles composed of 1:1 DPPC/DOPC and sterol/steroid.
The average from quadruplicate samples and standard deviation
are shown. Values shown are not corrected for dilution with Triton
X-100. Numbers alongx-axis indicate sterol/steroid used as defined
in Figure 1. C) cholesterol; E) 4-cholesten-3-one. Prior to
solubilization samples (multilamellar vesicles) contained 500 nmol
of total lipid. Vesicles were dispersed in 950µL of PBS.
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mains than it is in homogeneous (domain-lacking) vesicles
containing the same overall amount of 12SLPC (9, 39).

In domain-forming lipid mixtures, the temperature depen-
dence of quenching can reveal the thermal stability of ordered
domains. When DPPC-rich domains are present, they bind
DPH so that its fluorescence is relatively weakly quenched
by 12SLPC. However, at temperatures above that at which
DPPC-rich domains are stable all lipids mix in a relatively
homogeneous fashion, and quenching increases because DPH
molecules come into increased contact with 12SLPC mol-
ecules. The midpoint of a quenching vs temperature curve
(the apparent “melting” temperature) is a measure of raft
stability (23, 40). We have previously used this method to
assess the thermal stability of ordered domain formation by
DPPC and sterols in a number of studies (22, 23, 27).

Figure 4A shows the thermal dependence of DPH fluo-
rescence quenching for 1:1 (mol/mol) mixtures of DPPC and
12SLPC in the presence of various sterols/steroids. For
comparison, samples with no sterol and cholesterol were also
included. Even in the absence of sterols, there is some
formation of DPPC-rich domains at 23°C, but domain
formation is abolished by 37°C. [The melting temperature
of these domains in the absence of sterol is significantly
lower than that of pure DPPC (41°C) because the ordered
domains are not pure DPPC but rather a DPPC-rich mixture
with some 12SLPC.] In agreement with our previous studies,
the addition of cholesterol stabilizes domain formation
significantly, and the midpoint of the melting of the DPPC-
(and cholesterol-) rich domains increases by about 5°C. Most
of the sterols and steroids tested had a weak stabilizing effect
on domain formation but less so than cholesterol. None fell
within the ordered domain-destabilizing class we had previ-
ously identified (i.e., sterols/steroids that depress the domain
melting temperature to valuesbelow those observed in the
absence of sterol). Figure 4A also shows that in one case,

that of 7-ketocholesterol, DPPC-rich domains formed that
were as stable as those in the presence of cholesterol. In
another case, that of lathosterol, the DPPC-rich domains
formed were even more stable than those formed in the
presence of cholesterol. The quenching experiments with
lathosterol and cholesterol were repeated in samples in which

FIGURE 3: Insolubility of 3:1 (mol/mol) phospholipid/sterol or 3:1 (mol/mol) phospholipid/steroid mixtures in Triton X-100 as assayed by
the fraction of DRM-associated DHE fluorescence. (A) Ratio of DHE fluorescence in the pellet collected from centrifugation to the total
DHE fluorescence in the samples as a function of sterol/steroid. (B) Ratio of DHE in the pellet to total DHE in the samples after correction
of fluorescence values for the difference between DHE fluorescence per DHE molecule in micelles and that in DRM. Left series: Vesicles
composed of DPPC and sterol/steroid. Middle series: Vesicles composed of DOPC and sterol/steroid. Right series: Vesicles composed of
1:1 DPPC/DOPC and sterol/steroid. The average of quadruplicate experiments and standard deviation are shown. Numbers alongx-axis
indicate sterol/steroid used as defined in Figure 1. C) cholesterol; E) 4-cholesten-3-one. Samples are the same as in Figure 2.

FIGURE 4: Assay of the thermal dependence of ordered domain
formation via quenching of DPH fluorescence in lipid mixtures.
(A) Ratio of DPH fluorescence in vesicles composed of a 1:1 (mol/
mol) mixture of DPPC/12SLPC to DPH fluorescence in control
vesicles composed of a 1:1 (mol/mol) mixture of DPPC/DOPC (F0).
Samples contained (+) no sterol or 20 mol % (]) cholesterol, (b)
cholesteryl formate, (O) allocholesterol, (4) cholestane-3â,5R-diol,
(9) cholestan-3-one, ([) 7-ketocholesterol, (1) cholesterol methyl
ether, (3) lathosterol, and (0) 4,6-cholestadien-3â-ol. Solid lines
are drawn through data for samples without sterol and with
cholesterol for emphasis. (B) Ratio of DPH fluorescence in vesicles
composed of a 1:1 (mol/mol) mixture of SM/12SLPC with or
without 20 mol % sterol/steroid (F) to DPH fluorescence in control
vesicles composed of a 1:1 (mol/mol) mixture of SM/DOPC with
or without 20 mol % sterol/steroid (F0). Symbols are as in panel
A. F/F0 values for samples in which DPPC or SM was replaced
by DOPC (i.e., in cases in which ordered domains do not form)
generally fell in the range 0.10-0.15. Samples (ethanol dilution
vesicles) contained 40 nmol of phospholipid with or without 10
nmol of sterol/steroid. Vesicles were dispersed in 800µL of PBS.
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sphingomyelin (SM) replaced DPPC. As shown in Figure
4B lathosterol also stabilizes SM-rich ordered domain
formation better than cholesterol does. In contrast, as in the
case of DPPC-rich domains, cholestan-3-one and 4,6-
cholestadien-3â-ol stabilized SM-rich domains less than
cholesterol.

It should also be noted that comparison of insolubility and
quenching data shows that the ordered domains that form in
the absence of sterol are not detergent insoluble. This reflects
the sensitivity of gel state domains to solubilization at
temperatures close to their melting temperatures. The reason
for this behavior is discussed elsewhere (30).

Fluorescence Anisotropy Measurements in Mixtures of
DPPC and Sterols/Steroids.Polarization/anisotropy measure-
ments can be used to compare the level of order in lipid
mixtures. Previous studies showed that those sterols able to
promote the formation of separate DPPC-rich domains in
lipid mixtures also tend to form more highly ordered mixtures
with DPPC than sterols that do not promote the formation
of separate domains (23). These experiments were repeated
for mixtures of DPPC and the sterols/steroids examined in
this study, measuring the fluorescence anisotropy of DPH
incorporated into the lipid mixtures (Table 1). For compari-
son, anisotropy values are shown for DPPC by itself at 36
°C (gel state), DPPC by itself at 52°C (liquid-disordered
state), and DPPC/cholesterol mixtures at 52°C (liquid-
ordered state). As found in previous studies, anisotropy/
polarization values are highest in the gel state, lowest in the
liquid-disordered state, and intermediate in the liquid-ordered
state (at 52°C).

When mixed with DPPC, most of the sterols/steroids tested
exhibited anisotropy values at 52°C falling below those for
DPPC/cholesterol mixtures (although significantly higher
than the values in the absence of sterol/steroid). However,
anisotropy values in DPPC/lathosterol mixtures were as high
as those in DPPC/cholesterol mixtures, consistent with the
ability of lathosterol to form mixtures with DPPC that are
as tightly packed as those formed by DPPC and cholesterol.
Overall, anisotropy is not very closely correlated with
insolubility levels. This is probably due to two factors: (1)
in addition to motion, steady-state anisotropy is dependent
upon the lifetime of the DPH excited state; (2) anisotropy
in these mixtures only reflects the interaction of sterols and
DPPC whereas domain formation in the ternary lipid
mixtures we studied is affected by the interaction of sterol
with both DPPC and DOPC (or 12SLPC).

Fluorescence Quenching Properties of 7-Ketocholesterol.
In the course of control experiments we found that 7-keto-
cholesterol has fluorescence quenching properties (see
Experimental Procedures). There are few good cholesterol
analogues for spectroscopic studies of lipid rafts. Therefore,
we decided to investigate the fluorescence quenching proper-
ties of 7-ketocholesterol in more detail.

Table 2 shows the effect of 7-ketocholesterol on the
fluorescence of molecules incorporated into model membrane
vesicles. Strong quenching of the fluorescence of DHE and
of the Trp fluorescence of a transmembrane poly(Leu)-class
polypeptide was observed in vesicles containing 20 mol %
7-ketocholesterol. DPH fluorescence was not quenched. This
is consistent with the origin of quenching being energy
transfer from the fluorophores to 7-ketocholesterol, which
has a weak absorbance band (extinction coefficient at 320
nm ) 70 M-1 cm -1) that overlaps the emission bands of
DHE and Trp but not that of DPH.

Quenching by 7-ketocholesterol in DPPC/DOPC mixtures
tends to confirm its preferential location in DPPC-rich
domains. The poly(Leu) peptide, which is excluded from
DPPC-rich ordered domains (27), was more weakly quenched
in a DPPC/DOPC/7-ketocholesterol mixture than in a DOPC/
7-ketocholesterol mixture. This is expected if the 7-keto-
cholesterol is mainly located in the DPPC-rich domains. In
contrast, DHE was more strongly quenched by 7-ketocho-
lesterol in the DPPC/DOPC/7-ketocholesterol mixture than
in a DOPC/7-ketocholesterol mixture. This is the predicted
result if both DHE and 7-ketocholesterol are concentrated
within DPPC- (and sterol-) rich domains, as expected for
sterols that have cholesterol-like behavior.

DISCUSSION

Features of Sterols Important for Ordered Domain (Raft)
Formation: Polar Group Structure.The hydroxyl group
attached to the 3-position carbon of cholesterol has long been
recognized as being critical to cholesterol function. We found
that small modifications of the cholesterol hydroxyl group
(adding a methyl or formate group or changing it to a keto
function) had a deleterious effect on the ability to promote
ordered domain formation. On the other hand, even with
these changes these steroids promoted the formation of
ordered domains to some degree. It should be noted that the
nature of the change at the 3-OH position has a marked effect
on the degree to which raft formation is altered. Our previous
experiments showed that epicholesterol, in which the 3-OH

Table 1: Fluorescence Anisotropy of 2:1 (mol/mol) DPPC/Sterol or
DPPC/Steroid Vesicles Dispersed in PBS at 52°Ca

sterol/steroid anisotropy

none (36°C) 0.30( 0.011
none 0.08( 0.001
cholesterol 0.22( 0.007
cholesteryl formate 0.20( 0.006
allocholesterol 0.20( 0.003
cholestane-3â,5R-diol 0.18( 0.004
cholestan-3-one 0.20( 0.014
7-ketocholesterol 0.16( 0.007
cholesterol methyl ether 0.16( 0.003
lathosterol 0.23( 0.008
4,6-cholestadien-3â-ol 0.20( 0.011
4-cholesten-3-one 0.16( 0.005

a Average values and standard deviation for triplicate samples are
shown.

Table 2: Fluorescence Quenching in Vesicles Containing
7-Ketocholesterola

lipid mixture containing quencher F/F0

8:2 DOPC/7-KC+ 2 mol % DHE 0.37( 0.003
4:4:2 DPPC/DOPC/7-KC+ 2 mol % DHE 0.29( 0.0
8:2 DOPC/7-KC+ 2 mol % poly(Leu) peptide 0.59( 0.037
4:4:2 DPPC/DOPC/7-KC+ 2 mol %

poly(Leu) peptide
0.75( 0.024

8:2 DOPC/7-KC+ 0.5 mol % DPH 0.99( 0.06
4:4:2 DPPC/DOPC/7-KC+ 0.5 mol % DPH 0.92( 0.025
a Samples composed of 200µM nonfluorescent lipid dispersed in

10 mM phosphate and 150 mM NaCl, pH 7. 7-KC) 7-ketocholesterol.
F0 samples contained cholesterol in place of 7-ketocholesterol. Average
values and range of duplicates are shown.
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group has aR instead of aâ configuration, has only a small
effect on raft stability, while a charged sulfate group makes
cholesterol sulfate a raft-destabilizing agent (23). We con-
clude that a free 3-OH group is important, but not absolutely
necessary, for the promotion of ordered domain formation
by steroids.

This conclusion is supported by the quenching data. The
most striking example was cholesterol methyl ether. Despite
its inability to support the formation of detergent-insoluble
domains as well as cholesterol, or to form as highly ordered
a state as cholesterol when mixed with DPPC (as judged by
anisotropy), cholesterol methyl ether was able to stabilize
the formation of DPPC-rich domains (as judged by fluores-
cence quenching) almost as well as cholesterol. In other
words, domains rich in DPPC and cholesterol methyl ether
form readily, presumably due to favorable DPPC-cholesterol
methyl ether interactions, even though the insolubility data
indicate that these domains do not seem to be as tightly
packed as those formed by DPPC and cholesterol.

Features of Sterols Important for Ordered Domain For-
mation: Effect of Double Bond Position and Number.The
position and number of double bonds within the sterol rings
also affect raft formation to a significant degree. Ordered
domain formation is promoted most strongly when the double
bond is between carbons 7 and 8, as in lathosterol, rather
than positions 5 and 6, as in cholesterol. Furthermore, the
ability to promote raft formation was significantly weakened
relative to cholesterol when the double bond spanned carbons
4 and 5 as in allocholesterol.

Another interesting observation is that 4,6-cholestadien-
3â-ol, a sterol with double bonds spanning carbons 4-5 and
carbons 6-7, did not promote raft formation as well as
cholesterol even though the combination of these double
bonds should flatten out the part of the B ring between carbon
5 and carbon 6 in a fashion similar to the 5-6 double bond
of cholesterol. These results are in stark contrast to previous
studies showing that two double bonds can be very strongly
raft promoting when they span carbons 5-6 and 7-8 (22).
They reinforce the idea that the ability of sterols to support
ordered domain formation is very sensitive to double bond
position. (One caveat should be mentioned: 4,6-cholestadien-
3â-ol contained a minor impurity, and this may have had
some effect on its ability to stabilize raft formation.)

The marked effect of the double bond position is somewhat
surprising, because any double bonds in the rings should help
to make sterols more planar, a feature believed to be
important for imparting the properties critical for allowing
sterols to pack tightly with saturated lipids. In addition, since
the saturated and relatively flat cholestanol molecule, which
lacks double bonds, promotes ordered domain formation as
well as cholesterol (23), it might have been predicted that
additional or shifted double bonds within the sterol rings
would have little additional effect on the ability to form
rafts. Since this is not the case, it appears that the fine details
of ring conformation must be important for raft forma-
tion.

Features of Cholesterol Important for Ordered Domain
Formation: Effect of Extra Polar Groups on Sterol Rings.
An extra hydroxyl group added to the steroid ring at the
5-position also decreased the ability of sterol to form
detergent-resistant ordered domains. This could involve a
combination of steric effects that weaken packing with

phospholipids and/or changes in orientation of the sterol rings
within the bilayer. Such changes might be necessary to place
both the 3-position and 5-position OH groups close to the
bilayer surface.

In contrast, 7-ketocholesterol was able to stabilize the
formation of DPPC-rich domains about as well as cholesterol,
although DPPC/DOPC mixtures with 7-ketocholesterol did
not exhibit quite as much insolubility as those with choles-
terol, and 7-ketocholesterol was unable to form as tightly
packed bilayers when mixed with DPPC, as judged by
anisotropy. In this regard, its behavior was similar to that of
cholesterol methyl ether (see above). The similarities and
differences between 7-ketocholesterol and cholesterol are
consistent with previous studies performed on 7-ketocho-
lesterol/DOPC mixtures. A cholesterol-like condensing effect
and cholesterol-like reduction in bilayer permeability due to
7-ketocholesterol were observed, although the change in
permeability in egg phosphatidylcholine-containing vesicles
was less than that observed with cholesterol (41).

CumulatiVe Effects of Multiple Modifications upon Raft
Promotion ActiVity. Combining the results in this study with
previous studies (22, 23) suggests that (at least in some cases)
when single modifications of cholesterol structure are
combined, they can have nearly additive effects on the ability
of sterols/steroids to promote the formation of ordered
domains. For example, by themselves 3-keto and 4-5 double
bonds both partly negate the ability of sterol to promote raft
formation, but 4-cholesten-3-one, which contains both of
these modifications, actually inhibits the ability of saturated
lipid domains to form ordered domains. Another example is
7-dehydrocholesterol, which contains both the 5-6 and 7-8
double bonds and which [as shown previously (22)] promotes
raft formation to a greater degree than either cholesterol or
lathosterol, each of which has one of these double bonds.
Such additive behavior is of interest because it may allow
the design of various sterols with precisely engineered raft-
promoting activities (see below).

Implications for Sterol Function in Cells.The observation
in this study that lathosterol, a biosynthetic precursor of
cholesterol, is able to stabilize both DPPC-rich and SM-rich
rafts more efficiently than cholesterol is of particular interest.
It should be noted that this conclusion is supported by a very
recent study of binary mixtures of lathosterol and SM, in
which an increase in melting temperature relative to cho-
lesterol/SM mixtures was observed. It was concluded from
that data that lathosterol would stabilize rafts more efficiently
than cholesterol (42). In addition, another very recent study
found that in mammalian cells the steady-state fraction of
lathosterol isolated in DRM was similar to the fraction of
cholesterol in DRM and that newly synthesized lathosterol
reached the cellular compartments from which DRM arise
even more quickly than cholesterol (43). These results
suggest that lathosterol is at least as strongly raft associated
as cholesterol in cells.

Combined with our previous observation that 7-dehydro-
cholesterol, a cholesterol precursor after lathosterol in the
cholesterol biosynthesis pathway, also stabilizes rafts more
efficiently than cholesterol (22), these results suggest that
the reason biosynthesis proceeds all the way to cholesterol
cannot be to synthesize a sterol that efficiently forms rafts.
In other words, the importance of cholesterol structure is
likely to involve more than its ability to form lipid rafts.
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This is consistent with the observation that severe disease
results in mammals when cellular sterol biosynthesis cannot
proceed beyond lathosterol (44).

Use of 7-Ketocholesterol as a Fluorescence Quencher.The
behavior of 7-ketocholesterol was of additional interest
because it was found to be a fluorescence quencher. In model
membrane vesicles, 7-ketocholesterol may be a good spec-
troscopic probe for association of at least some types of
fluorescent molecules (including proteins) with rafts. It may
be especially valuable because there are relatively few good
cholesterol analogues (other than DHE) for spectroscopic
studies. Most cholesterol-based probes have attached probe
groups that are large enough to strongly perturb cholesterol
properties (33). As shown in Results, it should be possible
to use 7-ketocholesterol in conjunction with DHE (as an
energy transfer donor) to look at sterol clustering in bilayers.
It should also be noted that low 7-ketocholesterol concentra-
tions are sufficient to obtain significant quenching levels.
We estimate<10 mol % 7-ketocholesterol should be
sufficient in many experiments. At this level it could be used
in mixtures with cholesterol, further reducing any 7-ketoc-
holesterol perturbation of raft properties. It is also noteworthy
that both the weak 7-ketocholesterol absorbance band and
the moderate quenching induced at high 7-ketocholesterol
concentrations are consistent with quenching that is very
short range (calculation not shown). This means that quench-
ing by 7-ketocholesterol will require direct contact or near
contact with fluorescent molecules. Such short-range
quenching is useful because it can be used to evaluate the
binding of fluorescent molecules to quenchers with-
out interference from quenchers not in contact with fluoro-
phore.

Implications for Strategies To Distinguish Cholesterol-
Dependent from Raft-Dependent Phenomena.It would be
useful to be able to distinguish biological processes depend-
ent upon cholesterol itself from those that were raft-
dependent. For example, there are someR virus-cell
membrane fusion processes that require cholesterol, and
although these fusion events may occur within rafts in cells
(45), they do not seem to absolutely require rafts (46). The
cholesterol depletion/sequestration methods widely used to
disrupt rafts, such as the use of saponins, nystatin, or methyl-
â-cyclodextrins, are not well suited for distinguishing
between the effects of cholesterol and the effects of lipid
rafts. Both cholesterol-dependent and raft-dependent pro-
cesses should be inhibited by such methods.

One possible approach to this problem is to identify sterols
that can maintain rafts but which differ sufficiently from
cholesterol to disrupt highly specific protein-cholesterol
interactions. Cholesterol-dependent biological processes that
are not supported by such molecules are unlikely to be only
raft-dependent. In part, the present study aimed at identifica-
tion of the chemical features of sterols necessary for
stabilizing raft formation in order to identify suitable
candidates for such studies. Both lathosterol and 7-keto-
cholesterol may be useful in this regard. They have sufficient
raft-promoting abilities to distinguish sterol-protein interac-
tions that require sterol molecules having a 5-6 double bond,
or that cannot tolerate substitutions at the 7-position, from
those interactions only requiring raft formation. We are
presently searching for other raft-promoting sterols useful
for such experiments.
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