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The enveloped alphavirus Semliki Forest virus (SFV) infects cells via a low-pH-triggered membrane fusion
reaction that requires cholesterol and sphingolipid in the target membrane. Cholesterol-depleted insect cells
are highly resistant to alphavirus infection and were used to select srf-3, an SFV mutant that is ;100-fold less
cholesterol dependent for infection due to a single amino acid change in the E1 spike subunit, proline 226 to
serine. Sensitive lipid-mixing assays here demonstrated that the in vitro fusion of srf-3 and wild-type (wt) virus
with cholesterol-containing liposomes had comparable kinetics, activation energies, and sphingolipid depen-
dence. In contrast, srf-3 fusion with sterol-free liposomes was significantly more efficient than that of wt virus.
Thus, the srf-3 mutation does not affect its general fusion properties with purified lipid bilayers but causes a
marked and specific reduction in cholesterol dependence. Upon exposure to low pH, the E1 spike subunit
undergoes distinct conformational changes, resulting in the exposure of an acid conformation-specific epitope
and formation of an E1 homotrimer. These conformational changes were strongly cholesterol and sphingolipid
dependent for wt SFV and strikingly less cholesterol dependent for srf-3. Our results thus demonstrate the
functional importance of fusogenic E1 conformational changes in the control of SFV cholesterol dependence.

In spite of long-standing interest in the role of cholesterol,
its functions in eukaryotic cells are not well understood. Cho-
lesterol is essential for mammalian cells and is believed to be
required as both a bulk component of cell membranes and a
specific modulator of membrane protein function (reviewed in
references 40 and 57). Increased evidence for the importance
of cholesterol has come from recent studies demonstrating that
cholesterol is a covalent adduct critical for the function of
embryonic signalling molecules (46) and that cholesterol is
involved in the formation and function of caveolae and clath-
rin-coated vesicles, key membrane specializations in mamma-
lian cells (5, 47, 52). A well-defined example of a membrane
protein with a specific functional requirement for cholesterol is
the Semliki Forest virus (SFV) spike glycoprotein, which re-
quires cholesterol to mediate the fusion of the virus membrane
with a target membrane. Membrane fusion is the mechanism
used by enveloped viruses to infect cells and also plays a key
role in such important cellular processes as endocytosis, exo-
cytosis, and cell-cell fusion (22). The SFV spike protein thus
illustrates the potential importance of specific membrane lipids
in the function of a fusion protein and represents a model for
cholesterol-membrane protein interactions.

SFV is a member of the alphaviruses, enveloped RNA vi-
ruses that infect cells by using receptor-mediated endocytosis
and low-pH-mediated fusion of the virus membrane with that
of the endosome (reviewed in references 19, 25, 26, and 51).
SFV fusion with liposomes has a striking requirement for two
specific lipids in the liposome membrane, cholesterol and
sphingolipid. Optimal fusion requires about one molecule of
cholesterol per two molecules of phospholipid (33 mol%) (55)
and is specific for sterols containing the 3b-hydroxyl group
(29). In contrast, optimal fusion requires only ;2 to 5 mol%
sphingolipid, of which ceramide is the minimal sphingolipid
structure that supports fusion (38, 42).

Low pH triggers a series of conformational changes in the
SFV spike protein that lead to the fusion of the virus mem-
brane with the target membrane (reviewed in references 1, 25,
26, and 28). The virus spike proteins are trimers (E1/E2/E3)3
of two type I transmembrane glycoproteins, E1 and E2 (each
about 50 kDa), and a peripheral glycoprotein E3 (;10 kDa).
The initial event in fusion appears to be the disruption of the
ight interaction between E2 and E1. The released E1 sub-
unit then undergoes distinct acid-dependent conformational
changes whose kinetics, biochemical properties, and sequence
requirements correlate with the virus fusion reaction both in
vitro and in vivo. Previously masked acid conformation-specific
monoclonal antibody (MAb) binding sites on E1 are exposed,
and E1 forms a homotrimer (E1)3 that is trypsin resistant and
highly stable. During fusion, E1 associates with the target
membrane, presumably via membrane insertion of a hydropho-
bic fusion peptide located between amino acids 79 and 97 of E1
(25, 32). A lag period is observed between the completion of
these E1 conformational changes and E1 membrane insertion,
and the initiation of membrane fusion, and it is believed to
reflect additional, as yet uncharacterized steps in the fusion
reaction (9).

While the cholesterol dependence of SFV fusion was first
observed in fusion experiments with liposomes, it has also been
demonstrated in vivo in studies of cholesterol-depleted C6/36
mosquito cells (36, 37, 45, 53). Sterol-depleted cells are about
5,000-fold more resistant to primary infection than are control
cells and are also less efficient in the exit of newly synthesized
virus. We used such depleted cells to select srf-3 (for “sterol
requirement in function”), a mutant virus that grew more ef-
ficiently in the absence of cholesterol (37, 53). srf-3 is increased
about 100-fold in its ability to infect cells without cholesterol
and about 500-fold in its ability to fuse with the depleted cell
plasma membrane, and it also shows more efficient exit from
cells lacking cholesterol. Sequence analysis showed that the
srf-3 mutation is a change of proline 226 to serine (P226S)
within the E1 subunit. Studies of Sindbis virus (SIN), another
member of the alphaviruses, demonstrated that SIN has com-
parable cholesterol requirements to those of wild-type (wt)
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SFV and that mutations in the E1 226 region could similarly
increase SIN fusion and exit from sterol-depleted cells (35).

From these studies, it was clear that the P226S mutation
significantly reduced the cholesterol dependence of SFV when
assayed in the context of sterol-depleted insect cells. However,
cholesterol depletion could also produce changes in membrane
lipid composition, lipid distribution, or other properties of the
cell membrane that could affect its fusion potential. Although
the block in wt SFV fusion was reversed by addition of cho-
lesterol to the depleted cells, reversal required overnight cul-
ture to redistribute the added cholesterol into the cell plasma
membrane (37, 45). Thus, clearly the decrease in srf-3 choles-
terol dependence observed in this complex biological system
could differ from its fusion properties with a well-defined lipid
bilayer. In addition, a key unresolved issue is the mechanism by
which the P226S mutation affects virus cholesterol depen-
dence. The mutation could act by making the virus a more
efficient overall fusogen, thus increasing its fusion capacity on
a number of target membranes including those without cho-
lesterol. Alternatively, the mutation might affect only the spike
protein cholesterol requirement, perhaps by affecting the acid-
dependent conformational changes in E1. It is also possible
that srf-3 has alterations in fusion steps downstream of the E1
conformational changes, such as steps occuring during the lag
period.

In the present study, we have characterized the properties of
the P226S mutation by using a defined liposome system. This in
vitro system enabled us to sensitively measure the fusion prop-
erties of srf-3, to determine its overall dependence on both
cholesterol and sphingolipid, and to study its E1 conforma-
tional changes. Our results demonstrate that while its overall
fusion properties were very similar to those of wt SFV, srf-3
showed a significant and specific increase in fusion activity with
sterol-deficient liposomes. This increased fusion was due to the
increased cholesterol independence of srf-3 E1 conformational
changes, including acid-specific epitope exposure and E1 ho-
motrimerization.

MATERIALS AND METHODS

Cells and viruses. BHK-21 cells were maintained as previously described (53)
and used for virus propagation, plaque titer determination, and infectivity ex-
periments. C6/36 mosquito cells were depleted of cholesterol by 4 to 15 passages
in medium containing lipoprotein-depleted fetal calf serum, as previously de-
scribed (53).

wt SFV was previously plaque purified from prototype wt virus obtained from
the Department of Virology, University of Helsinki, and has been extensively
characterized (20, 53). The srf-3 mutant was derived from this wt stock by
successive passages on cholesterol-depleted C6/36 cells, as described in detail
previously (53). Previous studies have demonstrated that srf-3 has a decreased
requirement for cellular cholesterol for virus infection, fusion, and exit due to a
single amino acid change of E1 proline 226 to serine (35–37, 53).

Preparation of pyrene and radiolabeled viruses. Pyrene-labeled viruses (wt
SFV and srf-3) were prepared using a slightly modified version of published
procedures (9, 54). BHK-21 cells were cultured for 15 h in 850-cm2 roller bottles
containing Dulbecco’s modified Eagle’s medium supplemented with 100 U of
penicillin per ml, 100 mg of streptomycin per ml, 5% fetal calf serum, and 10%
tryptose phosphate broth. Cellular phospholipids were labeled by growth for 24 h
in the presence of C16-pyrene (Molecular Probes, Eugene, Oreg.) at a final
concentration of 10 mg/ml. The cells were then infected with wt SFV or srf-3 at
a multiplicity of 5 PFU/cell, and the infection was continued for 24 h in the above
BHK growth medium without pyrene. The virus-containing medium was then
harvested, the cell debris was removed by centrifugation, and the labeled virus
was pelleted and resuspended in TN buffer (50 mM Tris, 100 mM NaCl [pH
7.4]). The virus was then purified by centrifugation on a discontinuous sucrose
gradient (10 to 20%/25 to 50% sucrose [wt/wt] in TN buffer) (30). The virus band
was harvested, the virus protein concentration was determined (34), and aliquots
were snap-frozen in liquid nitrogen and stored at 280°C. The pyrene excimer-
to-monomer ratio was determined for each virus preparation by exciting at 343
nm at 37°C and recording the emitted fluorescence at 480 (excimer) and 398 nm
(monomer) on an SLM-8000 fluorometer, as described below. The excimer-to-
monomer ratios were 0.38 and 0.37 for wt SFV and srf-3, respectively. These

ratios are similar to those previously described for pyrene-labeled preparations
of wt SFV (9).

[35S]methionine and [35S]cysteine-labeled wt or srf-3 virus was prepared by
growth in BHK cells, or in cholesterol-depleted C6/36 cells (srf-3 only) (53).
Labeled viruses were purified by banding on a discontinuous sucrose gradient as
described above. Radiolabeled srf-3 prepared from cholesterol-depleted cells
contained both intact virus and disrupted virus particles (53).

Liposomes. Large unilamellar vesicles were prepared by freezing-thawing and
extrusion using a published procedure (15) with some modifications. Lipid mix-
tures were washed with chloroform and t-butanol in a rotary evaporator, lyoph-
ilized for at least 90 min, hydrated in buffer, and vortexed with glass beads. The
suspensions were subjected to 10 cycles of freezing-thawing and extruded 21
times through two stacked polycarbonate filters (pore size, 0.2 mm) using a
Liposofast mini-extruder (Avestin, Ottawa, Canada). Lipids were hydrated in
MES buffer (20 mM morpholine ethanesulfonic acid [MES] and 130 mM NaCl
[pH 7.0] with or without 0.2% bovine serum albumin) for assays of E1 confor-
mational changes or HNE buffer (5 mM HEPES, 150 mM NaCl, 0.1 mM EDTA
[pH 7.0]) for fusion studies. Complete liposomes contained a 1:1:1:1.5 molar
ratio of phosphatidylcholine (PC; from egg yolk), phosphatidylethanolamine
(PE; prepared from egg PC by transphosphatidylation), sphingomyelin (Sph;
from bovine brain), and cholesterol. Sterol-free liposomes had a PC/PE/Sph
molar ratio of 1:1:1. Sphingolipid-free liposomes had a PC/PE/cholesterol molar
ratio of 1:1:1. Liposomes without sphingolipid and sterol contained 1:1 PC/PE.
All phospholipids were purchased from Avanti Polar Lipids (Alabaster, Ala.),
and cholesterol was purchased from Steraloids Inc. (Wilton, N.H.). Phospholipid
quantitation was performed as described previously (39).

Fusion assay. Lipid mixing during SFV-liposome fusion was assayed by mon-
itoring the decrease in virus pyrene excimer fluorescence (9, 54). Each assay
mixture (2 ml) contained purified pyrene-labeled virus (0.6 mM phospholipid as
calculated from a phospholipid/protein ratio of 0.45 mmol/mg) and 200 to 800
mM liposomes of the indicated lipid composition. The mixtures were stirred
continuously in a thermostatted cuvette at the indicated temperature. Fusion was
triggered by the addition of a pretitrated volume of 0.3 M MES (pH 4.8) to give
a final pH of 5.5. Pyrene excimer fluorescence was measured in an SLM-8000
fluorometer upgraded to SLM-8100 software (SLM-Aminco, Urbana, Ill.), using
excitation and emission wavelengths of 343 and 480 nm, respectively, in the
presence of a 470-nm cutoff filter in the emission beam. The 0% fusion level was
set at the initial excimer fluorescence, and the 100% fusion level was set at the
background intensity of the target liposomes at the concentration used in the
reaction.

Sensitivity of virus infection to inhibition by NH4Cl. The sensitivity of infec-
tion by wt SFV and srf-3 to inhibition by NH4Cl was assayed as a marker of the
pH dependence of virus fusion, as previously described (20). BHK cells in 24-well
trays were preincubated for 15 min with the indicated concentration of NH4Cl
and then infected for 90 min with virus at a multiplicity of 1 PFU/cell in the
presence of the indicated concentrations of NH4Cl. Virus-specific RNA synthesis
was quantitated by labeling for 3.5 h with [3H]uridine in the presence of 2 mg of
actinomycin D per ml and 20 mM NH4Cl to prevent secondary infection.

Analysis of low pH-dependent conformational changes in virus spike proteins.
To assess conformational changes in the virus spike proteins, [35S]methionine-
and [35S]cysteine-labeled virus was mixed with 800 mM liposomes of the appro-
priate composition, treated at the indicated pH, and returned to neutral pH. The
exposure of acid conformation-specific epitopes was determined by immunopre-
cipitation with E1a-1, a previously characterized E1 acid conformation-specific
MAb (27). Formation of the E1 homotrimer was evaluated by incubating sam-
ples in sodium dodecyl sulfate (SDS)-gel sample buffer for 3 min at 30°C and
then analyzing them by SDS-polyacrylamide gel electrophoresis (PAGE) (28,
54). Quantitation of SDS-gel assays was performed by PhosphorImager analysis
with Image Quant v.1.2 software (Molecular Dynamics, Sunnyvale, Calif.).

RESULTS

Fusion of wt SFV and srf-3 with cholesterol-containing
membranes in vitro. The low-pH-induced fusion of wt SFV
with cell plasma membranes is highly cholesterol dependent,
with fusion ;4 to 5 logs lower on depleted cells than on control
cells (35, 53). While srf-3 is increased about 1,000-fold in its
ability to fuse with depleted cells, it still shows maximal fusion
on cells containing cholesterol, with approximately a 100-fold
difference between the two cell types (35, 53). To characterize
srf-3 fusion in vitro with cholesterol-containing and -depleted
membranes, we reasoned that we would need to use a highly
sensitive fusion assay that might be capable of detecting srf-3
fusion with sterol-free membranes. We therefore used a pre-
viously described lipid-mixing assay based on the fusion of
pyrene-labeled virus with unlabeled liposomes (9, 54). This
assay is based on the biosynthetic labeling of cells with pyrene
fatty acids, which are incorporated into phospholipids in the
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cell plasma membrane and acquired by the virus during bud-
ding. At high concentrations, pyrene displays a characteristic
excimer peak at 480 nm, which is lost when the pyrene label is
diluted during virus fusion. The loss of excimer fluorescence
can be monitored in real time and is a sensitive fusion assay
that shows little nonspecific exchange of the fluorescent label
(9, 54). We prepared pyrene-labeled wt SFV and srf-3 and
determined that both virus preparations had comparable ratios
of pyrene excimer to monomer fluorescence, indicating com-
parable densities of pyrene fluorophore in the virus mem-
branes. The fusion of these virus preparations was then char-
acterized using “complete” liposomes (PC/PE/Sph/cholesterol,
1:1:1:1.5) that contain both cholesterol and sphingolipid and
support efficient wt SFV fusion (9, 55). Fusion was initiated by
adjusting the virus-liposome mixture to pH 5.5 and plotted as
the percentage of maximal pyrene dilution. Real-time fluores-
cence recordings of fusion reactions with wt SFV and srf-3 at
incubation temperatures of 37 and 20°C are shown (Fig. 1A).
Both viruses fused rapidly and efficiently and showed compa-
rable rates and extents of fusion at both 37 and 20°C. A series
of fusion experiments were performed at temperatures ranging
from 5 to 30°C, and the initial rates of fusion were plotted
against the reciprocal of the absolute temperature in an Ar-
rhenius diagram (Fig. 1B). As previously described, a slow rate
of SFV fusion occurred even at temperatures as low as 5°C (9,
55). The Arrhenius diagrams of wt SFV and srf-3 were indis-
tinguishable, with similar straight lines and slopes for both
viruses. Thus, wt SFV and srf-3 have similar, constant activa-
tion energies for fusion throughout the temperature range.

These results imply that the rate-limiting steps of the overall
fusion process are comparable for wt SFV and srf-3, suggestive
of similar fusion mechanisms with complete liposomes. We
also quantitated the low-pH-dependent association of radiola-
beled wt SFV and srf-3 with complete liposomes, using a gra-
dient flotation assay that measures both virus binding and
fusion (29). Virus-membrane association was comparable for
wt SFV and srf-3 when assayed after a 5-min treatment at pH
5.5 and 37°C (data not shown). Thus, the overall properties of
fusion with cholesterol-containing membranes are conserved
between wt SFV and the srf-3 mutant.

Lipid dependence of wt SFV and srf-3 fusion. To compare
the lipid dependence of wt SFV and srf-3 fusion, liposomes
were prepared in the absence of either cholesterol (PC/PE/
Sph, 1:1:1) or sphingolipid (PC/PE/cholesterol, 1:1:1). Since wt
virus is rapidly acid inactivated at 37°C (9), fusion assays with
deficient liposomes were performed at either 20 or 25°C to
increase the potential time available for fusion with these sub-
optimal liposomes. As demonstrated previously (9) and above,
fusion at these temperatures occurs by a similar mechanism to
that at 37°C and mediates efficient virus infection. To maximize
the possibility of virus fusion with the liposome membrane, the
liposome concentration was also increased from 200 to 800
mM. While the higher liposome concentration increases the
likelihood of a productive interaction between virus and target
membrane (9), it also increases the light scattering in the
reaction, precluding the use of concentrations above ;800
mM. Pilot experiments demonstrated that the initial rate of
fusion of wt SFV or srf-3 with complete liposomes was in-
creased about threefold using 800 mM liposomes compared to
200 mM liposomes (data not shown). Using these modifica-
tions, the fusion characteristics of wt SFV and srf-3 were com-
pared using sterol-free liposomes at 25°C and pH 5.5 (Fig. 2).
wt virus, as predicted, showed little fusion even in this opti-
mized assay, with final extents of about 5 to 7%. In contrast,
srf-3 consistently showed an increased level of fusion with the
sterol-free liposomes, with fusion extents of about 10 to 15%.
Thus, although srf-3 fusion in the absence of cholesterol was
much less efficient than with complete liposomes, a significant
increase in fusion compared to wt SFV was observed. This is
the first evidence for decreased cholesterol dependence in srf-3
using a defined lipid bilayer and indicates that the decreased
cholesterol requirement for srf-3 fusion is not dependent on
the lipid composition or membrane properties of sterol-de-
pleted mosquito cells but can be replicated in vitro.

FIG. 1. Fusion of wt SFV and srf-3 with complete liposomes. (A) Real-time
fluorescence recordings of the fusion of pyrene-labeled wt or srf-3 virus (0.6 mM)
with unlabeled complete liposomes (200 mM). Samples were preequilibrated for
3 to 5 min at the indicated temperature in buffer at pH 7.0. At time zero, the
mixture was adjusted to pH 5.5 (B) Arrhenius plot of the initial rate of fusion
(the slope of the steepest part of the curve) for wt SFV and srf-3 at various
temperatures. Each point is the average of two independent determinations.

FIG. 2. Fusion of wt SFV and srf-3 with cholesterol-free liposomes. Real-
time fluorescence recordings of the fusion of pyrene-labeled wt or srf-3 virus (0.6
mM) with unlabeled sterol-free liposomes (800 mM) are shown. Samples were
preequilibriated for 5 min at 25°C, and the pH was adjusted to 5.5 at time zero.
This is a representative example of four experiments.
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We next examined the sphingolipid dependence for fusion
of both wt SFV and srf-3. Fusion experiments were performed
in parallel with complete, sterol-free, or sphingolipid-free li-
posomes at 20°C using liposome concentrations of 800 mM.
The ratio of the final extent of fusion of srf-3 versus wt SFV was
plotted for each liposome type (Fig. 3). Both viruses showed
comparable fusion extents with complete liposomes (ratio ;1)
and sphingolipid-free liposomes (ratio, ;1.2). In contrast, and
in agreement with the results in Fig. 2, on average srf-3 fusion
with sterol-free liposomes was ca. twofold higher than that of
wt virus. The final fusion extents in the four experiments in this
figure varied somewhat between experiments, apparently due
to variation between different preparations of liposomes, but
the ratios of fusion between srf-3 and wt SFV were quite
consistent.

Comparison of the initial rates of srf-3 fusion with sterol-free
and cholesterol-containing liposomes showed that the rate was
about eightfold slower in the absence of cholesterol (data not
shown). This result suggests that the final extent of srf-3 fusion
is lower with sterol-free than with cholesterol-containing lipo-
somes because the slower fusion rate alters the equilibrium
between acid-dependent fusion and acid inactivation (9). It is
known that inactivation of virus fusion activity occurs upon
exposure of virus to acidic pH in the absence of a fusion-
competant membrane and has kinetics slower than those of
fusion (9). No reliable comparison could be made to the rate of
wt virus fusion with sterol-free liposomes since this rate was
below the limit of accurate detection in our assay system.

pH dependence of wt SFV and srf-3 infection. Taken to-
gether, the above data indicated that srf-3 was less cholesterol
dependent for fusion than wt SFV but had a similar overall
fusion mechanism and sphingolipid dependence. In addition to
the lipid requirements for fusion, a critical parameter of the
SFV fusion reaction is its pH dependence. It was important to
determine if the srf-3 phenotype involved a change in the pH
dependence of fusion, a parameter that can be sensitively mea-
sured in vivo. During virus uptake into host cells, fusion of SFV
takes place in the endosome and results in virus infection. The
pH dependence of this intracellular fusion event can be as-
sessed by measuring its sensitivity to inhibition by a variety of
agents that act to raise the pH of the endosome above the
threshold required for fusion (31). For example, this in vivo

assay was used to demonstrate differences in the fusion thresh-
olds of wt SFV, a strain of SIN, and a fusion mutant of SFV
(20, 21). BHK cells were infected with wt SFV and srf-3 in the
presence of various concentrations of the lysosomotropic weak
base NH4Cl, and virus infection was quantitated by monitoring
the incorporation of [3H]uridine into viral RNA (20, 31). The
NH4Cl sensitivities of wt SFV and srf-3 infection were similar,
displaying half-maximal inhibition at about ;8 mM NH4Cl
(Fig. 4). This result suggested that the pH dependence of
fusion within the endosome was similar for both viruses.

Cholesterol dependence of E1 conformational changes in wt
SFV and srf-3. We hypothesized that the increased ability of
srf-3 to fuse with cholesterol-depleted membranes is due to an
increase in the cholesterol independence of a sterol-requiring
step in fusion. To test our hypothesis, we monitored acid con-
formation-specific epitope exposure and E1 homotrimer for-
mation, two distinct acid-induced conformational changes that
are enhanced by cholesterol for the wt E1 protein (14, 26, 32).
Since cholesterol affects the rate of these E1 conformational
changes, their kinetics were compared in the presence of lipo-
somes with or without cholesterol, using conditions of subop-
timal pH and temperature to slow the reaction.

To assay acid epitope exposure, radiolabeled wt SFV and
srf-3 were mixed with cholesterol-containing or sterol-free li-
posomes and treated at pH 5.8 for various times at 4°C. Sam-
ples were returned to neutral pH and immunoprecipitated with
MAb E1a-1, a MAb that specifically detects the acid confor-
mation of E1 (1, 27), or with a rabbit polyclonal anti-spike
antibody that quantitatively precipitates the total E1 present in
the reaction mixture. When exposed to low pH in the presence
of cholesterol liposomes, wt E1 rapidly converts to a form that
reacts with the MAb (Fig. 5A). Conversion after 1 min of
low-pH treatment at 4°C was ;98% of that obtained after
similar treatment for 1 min at 37°C. Conversion was efficient,
with the maximal MAb E1a-1 precipitation being ;70% of the
total E1. In comparison, the efficiency of srf-3 E1 conversion
after 1 min of treatment at 4°C in the presence of cholesterol
liposomes was ;76% of that obtained at 37°C, and the maxi-
mal E1a-1 precipitation was ;70% of the total E1 (Fig. 5B).
Thus, the efficiency of the E1 conformational change under
cholesterol-containing control conditions was similar for wt
SFV and srf-3. However, when the pH treatment was per-

FIG. 3. Lipid dependence of wt SFV and srf-3 liposome fusion. Pyrene-
labeled wt or srf-3 virus (0.6 mM) was mixed with unlabeled liposomes (800 mM)
composed of PC-PE-Sph-cholesterol (complete), PC-PE-Sph (2sterol), or PC-
PE-cholesterol (2sph). Samples were preequlibriated for 5 min at 20°C, the pH
was adjusted to pH 5.5, and the final extents of fusion were measured after 60 s
at 20°C. Data were plotted as the ratio of srf-3 to wt SFV fusion for each
liposome type. The graph represents the average of four independent determi-
nations for each virus, and the bars show the standard deviation.

FIG. 4. Sensitivity of infection by wt SFV and srf-3 to inhibition by NH4Cl.
BHK cells were pretreated for 15 min with the indicated concentrations of
NH4Cl and infected with wt SFV or srf-3 at 1 PFU/cell for 90 min in the
continued presence of NH4Cl. Infection was then quantitated by determining the
incorporation of [3H]uridine into viral RNA in the presence of 20 mM NH4Cl to
prevent secondary infection. [3H]uridine incorporation was expressed as a per-
centage of control incorporation in the absence of NH4Cl, with the background
incorporation obtained in uninfected cells subtracted from all points. The graph
represents the mean of two separate experiments.
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formed in the presence of sterol-free liposomes, almost no wt
E1 became immunoreactive after 30 s of pH treatment (Fig.
5A). The conversion of wt E1 slowly increased with time of pH
treatment, but even after 3 min of pH treatment, it was con-
siderably below that obtained with complete liposomes. In
contrast, srf-3 conversion in the absence of sterol was much
more efficient than that of wt virus throughout the entire pe-
riod (Fig. 5B). Conversion was quantitated by PhosphorImager
analysis and plotted for each time point as the ratio of E1
conversion with sterol-free liposomes to E1 conversion with
complete liposomes (Fig. 5C). Even after 3 min of low-pH
treatment with sterol-free liposomes, wt E1 showed a conver-
sion ratio of only ;0.18 of that obtained with cholesterol lipo-
somes. The srf-3 E1 conformational change was much less
cholesterol dependent, with conversion in sterol-free liposome
samples ranging from ;0.6 to 0.9 of that obtained with cho-
lesterol liposomes. Similar results were obtained when this
experiment was performed at 20°C, although the magnitude of
the wt SFV difference with and without sterol was smaller than
that at 4°C (data not shown).

The cholesterol dependence of E1 homotrimer formation
was similarly compared between wt SFV and srf-3, using incu-
bation at pH 5.8 and 20°C in the presence of complete or
sterol-free liposomes (14, 54). The samples were analyzed by
SDS-PAGE under solubilization conditions that preserve the

homotrimer (Fig. 6A and B). In the presence of cholesterol
liposomes, both viruses efficiently produced E1 homotrimer,
with maximal levels in two experiments ranging from 61 to
68% of the total E1 for wt SFV and 53 to 78% for srf-3. The pH
dependence of homotrimer formation was assayed by treating
virus plus complete liposomes at various pH values and was
comparable for wt SFV and srf-3 (data not shown), again
indicating that the srf-3 mutation does not affect the virus pH
dependence. However, the sterol dependence of wt SFV versus
srf-3 homotrimer formation showed a clear difference (Fig. 6A
and B). The ratio of the homotrimer obtained with sterol-free
liposomes to the homotrimer obtained with complete lipo-
somes was determined for each virus at the various time points
(Fig. 6C). wt E1 homotrimer formation in the sterol-free sam-
ples was much lower than that in the cholesterol liposome
samples, with ratios ranging from an initial level of ;0.1 to a
level of ;0.6 with longer incubation. In contrast, the efficiency
of homotrimer formation with srf-3 was comparable with or
without sterol, with ratios ranging from 0.7 to 1.0. Similar
results were obtained when this experiment was performed at

FIG. 5. Cholesterol dependence of E1 acid conformation-specific epitope
exposure in wt SFV and srf-3. (A and B) [35S]methionine- and [35S]cysteine-
labeled wt SFV (A) or srf-3 (B) was mixed with either complete, cholesterol-
containing liposomes or liposomes without sterol and treated at pH 5.8 for the
indicated times at 4°C unless otherwise indicated. The samples were then ad-
justed to neutral pH, solubilized in buffer containing 1% Triton X-100, and
immunoprecipitated with an acid conformation-specific MAb to the E1 subunit
(E1a-1), a rabbit polyclonal antibody to the SFV spike protein (poly), or an
unrelated MAb (NI). Immunoprecipitates were analyzed by SDS-PAGE and
fluorography. (C) E1 precipitated by MAb E1a-1 was quantitated by Phosphor-
Imager analysis and plotted for each time point as the ratio of the E1 converted
in the presence of sterol-free liposomes compared to the E1 converted in the
presence of complete liposomes. The graph represents the mean of two inde-
pendent experiments.

FIG. 6. Cholesterol dependence of E1 homotrimer formation in wt SFV and
srf-3. (A and B) [35S]methionine- and [35S]cysteine-labeled wt SFV (A) or srf-3
(B) was mixed with either complete, cholesterol-containing liposomes or lipo-
somes without sterol and treated at pH 5.8 for the indicated times at 20°C unless
otherwise indicated. The samples were then adjusted to neutral pH, solubilized
in SDS sample buffer for 3 min at 30°C, and analyzed by SDS-PAGE. (C)
Homotrimeric E1 was quantitated by PhosphorImager analysis and plotted for
each time point as the ratio of homotrimer in the presence of sterol-free lipo-
somes compared to homotrimer in the presence of complete liposomes. The
graph represents the mean of four independent experiments.
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4°C (data not shown). Taken together, these data indicate that
two distinct acid-dependent conformational changes in E1,
epitope exposure and homotrimerization, were less cholesterol
dependent in the srf-3 mutant.

The alphavirus lipid bilayer is derived from the host cell
during virus budding from the plasma membrane. The radio-
labeled viruses used in the above experiments were produced
in BHK cells and thus contained cholesterol in the virus mem-
branes (25). srf-3, unlike wt virus, can be propagated in sterol-
depleted cells. Previous experiments demonstrated that srf-3
virus produced in the absence of cholesterol is viable and
morphologically normal although significantly less stable to
centrifugal shear force than virus propagated in cholesterol-
containing cells (53). We investigated whether virus membrane
cholesterol plays a role in E1 conformational changes by as-
saying radiolabeled srf-3 produced in cholesterol-depleted
C6/36 cells. Similar to the results with srf-3 produced in BHK
cells, conversion of this sterol-deficient srf-3 to reactivity with
MAb E1a-1 was much less cholesterol dependent than for wt
virus (data not shown). Thus, it appears that the conforma-
tional changes in srf-3 E1 are relatively cholesterol indepen-
dent regardless of the presence or absence of cholesterol in the
virus membrane. This is in keeping with the specific require-
ment for cholesterol in the target membrane during virus fu-
sion (25, 26).

Sphingolipid dependence of E1 conformational changes in
wt SFV and srf-3. To test the importance of sphingolipid in the
conformational changes in the wt and srf-3 E1 proteins, we
made use of a system recently described by Corver (14). Ra-
diolabeled wt or srf-3 virus was treated at pH 5.8 and 20°C in
the presence of either PC-PE-Sph or PC-PE liposomes. E1
homotrimerization was assayed by SDS-PAGE. Both liposome
types are cholesterol free and do not support the maximum
efficiency of E1 conformational changes, but, similar to the
results obtained by Corver (14), this assay demonstrated a
striking enhancement of wt E1 homotrimerization by sphingo-
lipid (Fig. 7). The relative sphingolipid dependence of wt SFV
and srf-3 was compared by plotting the ratio of homotrimer
obtained without sphingolipid to homotrimer obtained with
sphingolipid at each time point (Fig. 7). In the absence of
sphingolipid, E1 homotrimer formation by either wt SFV or
srf-3 was inefficient, with ratios below 0.2 for both viruses. Acid
conformation-specific epitope exposure was assayed using the

same liposome system, and a similar, strong sphingolipid de-
pendence for both viruses was observed (data not shown).
Thus, the srf-3 mutation does not significantly affect the sphin-
golipid dependence of the E1 conformational changes, in
keeping with the similar sphingolipid dependence of the fusion
reactions of wt SFV and srf-3. Taken together, our results
suggest that srf-3 fusion and E1 conformational changes show
a significant decrease in their cholesterol requirements,
whereas the srf-3 sphingolipid requirements and overall fusion
properties are unaltered.

DISCUSSION

The isolation of the srf-3 mutant and of its previous charac-
terization were dependent on a cholesterol-depleted mosquito
cell culture system (45, 53). Published studies of cholesterol
requirements in insect cells demonstrate that insects are sterol
auxotrophs (41) and that, surprisingly, although insects require
cholesterol for proper development, insect cells in tissue cul-
ture can be maintained in the absence of sterol for indefinite
periods (45, 48, 49). The overall phospholipid composition and
fatty acyl chain composition of such sterol-depleted insect cells
do not appear significantly altered (49). Thus, these studies
indicate that at least some eukaryotic cells do not require bulk
sterol to form functional membranes. Although the absence of
cholesterol or compensatory sterol in depleted insect cells is
clear (36, 45, 49), a number of issues about the lipid compo-
sition and membrane functions of such cells remain, and these
complicated the previous interpretation of the srf-3 mutant
phenotype. First, it is now known that efficient SFV fusion
requires not only cholesterol but also sphingolipid (38, 42).
Second, under some conditions, sterol-depleted cells can adapt
by an unknown mechanism to become more susceptible to
SFV infection, suggesting that the membrane lipid composi-
tion could play a role in altering the permissiveness of a sterol-
depleted membrane (36). Lastly, the original analysis of sterol-
depleted cells did not address their membrane sphingolipid
composition or distribution (10, 49). Thus, although clearly the
srf-3 phenotype is dramatically dependent on cholesterol in
depleted versus control insect cells, this phenotype could be
due to secondary alterations in the depleted cell membrane,
which might involve lipid composition, lipid distribution, or
protein alterations. We began these studies to determine the
lipid requirement of the srf-3 mutant under controlled in vitro
conditions and to examine the function of the E1 protein
carrying the critical P226S mutation. Our results demonstrated
that the key alteration in srf-3 fusion properties was a specific
increase in the fusion of the virus with cholesterol-depleted
membranes. The sphingolipid requirement for fusion was
maintained in the srf-3 mutant and was similar to that of wt
virus. The decrease in the cholesterol requirement for srf-3
fusion correlated with a decrease in the cholesterol require-
ment for the srf-3 E1 conformational changes at low pH, de-
tected as exposure of an acid-specific epitope and formation of
the E1 homotrimer. Thus, even though the isolation of srf-3
was dependent on sterol-depleted insect cells, its phenotype of
relative sterol independence could be demonstrated using pu-
rified, protein-free liposomes in vitro. Significantly, these re-
sults provide an important functional connection between the
cholesterol dependence of E1 conformational changes and the
cholesterol dependence of SFV fusion.

The data presented here have identified two points in the
srf-3 E1 conformational changes that have a decreased depen-
dence on cholesterol: acid-specific epitope exposure and ho-
motrimerization. In support of these being independent steps
in fusion, previous studies indicate that acid-specific epitope

FIG. 7. Sphingolipid dependence of E1 homotrimer formation in wt SFV
and srf-3. [35S]methionine- and [35S]cysteine-labeled wt SFV or srf-3 was mixed
with sterol-free liposomes with or without sphingolipid, treated at pH 5.8 for
various times at 20°C, and analyzed by SDS-PAGE as in Fig. 6. Homotrimeric E1
was plotted as the ratio of homotrimer obtained without sphingolipid compared
to that with sphingolipid. The graph represents the average of two experiments.
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exposure can occur in a virus fusion peptide mutant that does
not form the E1 homotrimer (28). In addition, studies of the
binding site for MAb E1a-1, the acid conformation-specific
MAb analyzed here, mapped this epitope to position 157 on E1
and indicate that its exposure can be triggered under condi-
tions in which the E1 homotrimer is not formed (1). Thus, the
available evidence suggests that epitope exposure and E1 ho-
motrimerization represent two distinct steps in the virus fusion
reaction, each of which is less cholesterol dependent in srf-3.
The simplest explanation for the relative cholesterol indepen-
dence of both steps is that both these E1 conformational
changes occur subsequent to a point that controls the sterol
dependence of fusion, a point that is less cholesterol depen-
dent in srf-3. Previous data suggest that E1 may have a “lipid-
sensing” step that occurs prior to epitope exposure, homotri-
merization, fusion peptide insertion, and fusion (26). One
example of such a potential E1 lipid-sensing function is that
the kinetics of E1 epitope exposure and homotrimerization are
both strongly enhanced by the presence of sphingolipid when a
cholesterol-free target membrane is assayed (14) (Fig. 7). Such
cholesterol-free target membranes are negative for both fusion
peptide insertion and fusion (9, 26, 32), but the presence or
absence of sphingolipid in the membrane nevertheless affects
the conformational changes in E1. One model for SFV fusion
could be that upon exposure to low pH, the E1-E2 dimer
dissociates and the E1 protein senses the target membrane
lipid composition and goes through a cholesterol-dependent
priming reaction. The primed conformation of E1 then under-
goes epitope exposure, homotrimerization, and fusion peptide
insertion and finally triggers fusion. This model suggests that
once E1 is in the primed configuration, the later conforma-
tional changes, fusion peptide insertion, and fusion itself would
not require additional cholesterol interactions. This would be
in keeping with the evidence presented here suggesting that
the overall fusion reaction of srf-3, its activation energy, kinet-
ics, and pH dependence, were all similar to those of wt virus.
In this model, only the formation of primed E1, a key choles-
terol-dependent step, would be altered in the srf-3 mutant. The
decreased sterol dependence of this step in srf-3 would then
lead to decreased sterol dependence of epitope exposure, ho-
motrimerization, and fusion. It is possible that one of the E1
sterol-dependent conformational changes detected here actu-
ally represents the formation of this primed intermediate and
would occur prior to the remaining E1 conformational changes
and control their sterol dependence. Our data also do not
indicate whether cholesterol could play a further role with E1
during the terminal stages of fusion including the formation of
the fusion pore.

Studies of SFV and SIN indicate that both have strongly
cholesterol-dependent fusion reactions (26, 29, 35, 45, 53, 55).
Since these two alphaviruses are only distantly related, the data
suggest that highly cholesterol-dependent fusion and infection
may be a general characteristic of alphaviruses. It is not clear
why alphaviruses have evolved such a sterol-requiring fusion
mechanism. Studies of srf-3 infection by direct intrathoracic
injection into the mosquito vector show that the mutant with
reduced sterol requirement is not selected against in the insect
host and, indeed, has something of a growth advantage com-
pared to wt virus (2). It is possible that highly sterol-dependent
viruses are selected in vivo by transmission conditions that are
not replicated in the various tissue culture systems that we have
characterized. It is also notable that the alphavirus mutants so
far characterized, although demonstrating increased fusion
with sterol-depleted membranes, all show maximal fusion ac-
tivity only with a cholesterol-containing membrane. This result
suggests that cholesterol may be an intrinsic part of efficient

alphavirus fusion, perhaps conferred by a specific priming step
during the fusogenic conformational changes in E1.

It is of interest to consider the general importance of specific
lipids in the fusion and infection of other enveloped viruses.
Virus membrane fusion can be triggered by a variety of mech-
anisms, including mildly acidic pH, spike protein receptor
binding (23), and dual interaction of the virus spike protein
with a receptor and coreceptor molecule (8, 18). For many
viruses, the potential role of specific lipids in fusion has not
been evaluated. This is in part because viruses whose fusion is
triggered by mechanisms involving interactions with protein
receptors and/or coreceptors are more difficult to study with
defined liposome systems (26). It is clear that the low-pH-
dependent viruses influenza virus and vesicular stomatitis virus
do not require specific lipids for membrane fusion (13, 17, 45,
50, 56). There are several examples of viruses with potential
requirements for cholesterol in fusion and/or budding, al-
though clearly the data obtained with these systems are not
conclusive at this point (see reference 26 for a review and
in-depth discussion). One example is that of human immuno-
deficiency virus (HIV), which may exit from regions of the
plasma membrane that are enriched in cholesterol and sphin-
golipid (3, 4). Studies with the N-terminal fusion peptide of
HIV gp41 also suggest that cholesterol may play a role in HIV
fusion (43, 44), although these studies examine the fusion
peptide out of the normal context of the intact virus envelope
protein and its physiological fusion trigger of receptor and
coreceptor (26). Studies of the coronavirus mouse hepatitis
virus suggest that susceptibility to a lytic virus infection and
generation of virus-induced syncytia may be influenced by cel-
lular cholesterol content (11, 16). Infection and fusion of Af-
rican swine fever virus are affected by cellular cholesterol con-
tent (7), although the restricted host range of this virus of
necessity required that these studies be performed in mamma-
lian cells in which cholesterol depletion is limited and may
produce toxic effects (26). A variety of in vitro studies sug-
gested that Sendai virus, a paramyxovirus, fuses its membrane
in a cholesterol-dependent mechanism (6, 12, 24, 33). For
these and other viruses, as well as for cellular fusion proteins,
the involvement of cholesterol and other specific lipids remains
an important but unresolved issue in our understanding of the
fusion reaction (26).

The E1 P226S mutation in srf-3 confers a strong increase in
the cholesterol independence of virus fusion and E1 confor-
mational changes. Using several different selection strategies,
this mutation has been independently isolated eight times
(P. K. Chatterjee and M. Kielian, unpublished data), demon-
strating the overall importance of this residue and region in
SFV cholesterol interactions. Further understanding of the
role of cholesterol in SFV fusion will come from mutagenesis
studies of the E1 226 region and from the isolation and char-
acterization of new srf mutants. It will be important to deter-
mine if other srf mutations act by similar mechanisms to srf-3
and whether the distinct E1 regions identified as important in
the cholesterol requirement actually interact in the three-di-
mensional structure of the SFV spike protein. Ongoing studies
on the structure of the srf-3 virus particle and the properties of
the srf-3 fusion pore may also add to our understanding of the
means by which the virus takes advantage of the cholesterol
present in cell plasma membranes to trigger efficient fusion
and infection.
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