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The low pH-triggered membrane fusion activity of Semliki Forest virus is dependent on the presence of
cholesterol in the target membrane. When liposomes containing phospholipids and cholesterol analogs were
used, fusion activity was observed with steroids which did not have a planar nucleus or an isooctyl side chain at
C-17, but fusion activity was not observed when analogs which lacked the 30i-OH group were used. Binding of
virus to liposomes at low pH was similarly, but not totally, dependent on the presence of a 3,8-OH sterol.

The entry of Semliki Forest virus (SFV; an alphavirus)
into its host cells requires fusion between the virus envelope
and the limiting membrane of endocytic vacuoles in the cell
(12, 16). This fusion is catalyzed by the virus spike glycopro-
teins and triggered by the mildly acidic pH of prelysosomal
endocytic vacuoles. In vitro fusion studies with liposomes
have shown that no proteins are required in the target
membrane for efficient fusion and that the phospholipid
composition can vary. Fusion is, however, strictly depen-
dent on the presence of cholesterol. Maximal fusion occurs
when the mole fraction of cholesterol in the liposomes is 0.3
or higher (22). The fusion of SFV with cellular membranes
implies, by analogy with the liposome system, the presence
of cholesterol in various endocytic membrane compart-
ments.
A cholesterol requisite is not unique to SFV; Sindbis virus

(another alphavirus) shows a strong dependence on choles-
terol for liposome binding at an acid pH (17), and two recent
studies of Sendai virus (a paramyxovirus) indicate an abso-
lute cholesterol requirement for lysis or fusion, with an
optimum at 0.3 to 0.5 mole fraction of cholesterol (13, 14). In
contrast, fusion of influenza virus (an orthomyxovirus) oc-
curs efficiently in the absence of cholesterol (15, 23).
To analyze the cholesterol dependence of SFV in more

detail, we determined whether other steroids can support
virus binding and fusion. To assay for fusion, we mixed
[3H]uridine-labeled SFV with RNase-containing liposomes,
lowered the pH to 5.0, and determined the digestion of viral
RNA by trichloroacetic acid precipitation (22). In the pub-
lished assay (22), liposomes were prepared in RNase-con-
taining buffers, and the untrapped enzyme was removed by
gel filtration. In most of the experiments reported here, the
untrapped RNase was not removed. The liposome prepara-
tion in buffer plus enzyme was simply diluted to a final
concentration of 0.75 mM lipid and 0.5 to 2 mg of RNase per
ml before the addition of SFV. This procedure resulted in
comparable fusion estimates. The percentages of fusion of
SFV with liposomes were 9, 67, and 84% when the liposome
mixture contained external RNase only (RNase diluted to
0.75 mg/ml), internal RNase only, and internal and external
RNase (RNase diluted to 0.75 mg/ml), respectively. The
percentage of fusion was calculated as [1 - (fraction of
counts trichloroacetic acid-precipitable at pH 5/fraction of
counts trichloroacetic acid-precipitable at pH 7)] x 100.
Nine different steroids were incorporated into liposomes

consisting of steroid-phosphatidylethanolamine-phosphati-

* Corresponding author.

dylcholine-sphingomyelin-phosphatidic acid in the molar ra-
tio 1.5:1:1:1:0.2 (22). Cholesterol proved to be the most
efficient in supporting the fusion activity of SFV (Table 1).
Three other steroids (coprostanol, androstanol, and dihydro-
cholesterol) showed activities 40 to 90% that of cholesterol,
whereas the remainder were inactive. A major distortion of
the planar ring system, caused by the cis A/B ring arrange-
ment of coprostanol, did not abolish fusion. The sterol 5,6
double bond did not appear essential, judging from the high
activity of dihydrocholesterol. The isooctyl side chain at C-
17 was also not a prerequisite for fusion, as androstanol
supported fusion almost as well as cholesterol.
The common feature among the steroids which lacked

fusion-supporting activity was an alteration in the 3P-OH
group. Epicholesterol (which differs from cholesterol in
having an axial 3oa-OH), Sa-cholestane (with a hydrogen
molecule in the 3 position), 5a-cholestan-3-one (with a

carbonyl replacement), cholesterol methyl ether, and choles-
terol acetate were all inactive. It can be concluded that a

major variation in the ring structure and the aliphatic "tail"
of the steroid are tolerated but that the 3P-hydroxyl group is
absolutely necessary for fusion.

All steroids tested were judged free of impurities by thin-
layer chromatography with three different solvent systems
(6, 9). Although steroids of different structure are known to
pack into bilayers to various extents, only in the case of
cholesterol methyl ether was the mole fraction of incorporat-
ed steroid significantly lower than the 0.3 required for
optimal fusion (Table 1 and reference 22). Thus, it is unlikely
that the requirement for the 3P-OH group is due solely to the
effect of this group on steroid incorporation into bilayers.
Membrane fusion probably involves several steps: initial

attachment of the two membranes, their coalescence, and
their subsequent separation (24). To determine whether
sterol was required during the attachment stage, we assayed
the association of SFV with cholesterol or epicholesterol
liposomes. To separate liposome-associated viruses (includ-
ing both bound and fused virus particles) from free virus
particles, we used flotation in small, 0.7-ml sucrose gradients
(Fig. 1; see also reference 17). At pH 7.0, 32P-labeled
liposomes containing 33 mol% cholesterol floated to the top
of the gradient, with little [3H]uridine-labeled virus associat-
ed. After pH 5.0 treatment, virtually all the virus, as

expected from the fusion studies, floated with the liposomes
(Fig. 1 and Table 2). Neutralization of the sample before
flotation resulted in only slightly decreased association (Ta-
ble 2). When epicholesterol was substituted for cholesterol
in the liposomes, the amount of binding at pH 7.0 remained
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TABLE 1. Effect of steroid structure on SFV-liposome fusion

b% Activity Ml%Fusion relative to frctonlo
Steroida (no. of cholesterol fraction f

determinations) control' steroid'

Cholesterol 79.5 + 11 (8) 100 0.312
(cholest-5-en-3p-ol)

Epicholesterol 1.5 (2) 2 0.345
(cholest-5-en-3a-ol)

Coprostanol 31 (2) 40 0.296
(5p-cholestan-313-ol)

Dihydrocholesterol 46.5 (2) 53 0.339
(cholestan-3,B-ol)

5a-Cholestane 8 (2) 9
Androstanol 59 (2) 88.5 0.326

(5a-androstan-3p-ol)
Sa-Cholestan-3-one 8.3 ± 7 (3) 13 0.358
Cholesterol methyl ether 0 (1) 0 0.236
Cholesterol acetate 11 (2) 13 0.289

a The starting liposome composition was as described in the text. Each
steroid was substituted for cholesterol at the same ratio of 1 mol of steroid to 2
mol of phospholipid (0.33 mole fraction).

b The percentage of fusion was calculated as described in the text.
c As determined for individual experiments.
d The starting liposome preparation was centrifuged at 10,000 x g for 1.5

min (22). This step pelleted >80% of the free cholesterol. The phospholipid
concentration of the preparation before and after centrifugation was moni-
tored by the addition of trace amounts of 32P-lipids (22). Steroid content was
determined by quantitative thin-layer chromatography (9) with CHC13-ace-
tone (90:10) or hexane-acetone (94:6) as the solvent system. 5a-Cholestane
ran at the front of all solvent systems tested and was therefore not determined.

negligible. After acid treatment (with or without subsequent
neutralization), binding amounted to about a third of that
observed with cholesterol (Table 2). It seemed, therefore,
that efficient attachment of the virus to the target membrane
required a sterol with a 31-OH group. However, it was also
evident that some acid-dependent attachment was possible
to membranes which do not support fusion. Thus, the acid-
induced attachment of SFV to a membrane was not alone
sufficient for fusion.
The effect of cholesterol on phospholipid membranes has

been studied extensively (2, 7, 18). Cholesterol interacts
with phospholipids to form complexes, thus decreasing the
area occupied per phospholipid molecule-a phenomenon
known as condensation (5, 11). It stabilizes bilayers, de-
creasing their permeability and increasing their osmotic
resistance (3, 6). In lipid vesicles, cholesterol at mole
fractions of >0.22 acts to decrease hydration (19). Finally, it
affects the fluidity of bilayers, increasing the mobility of the
gel phase, and above the phase-transition temperature, in-

TABLE 2. Association of SFV with liposomes
% of virus

Liposome type and pH conditions liposomeassociated'
(no. of expt)

Cholesterol
pH 5 ......................................... 82 + 7 (3)
pH 5, Neutralized ............ .................. 64.5 (2)
pH 7 .......................................... 8 (3)

Epicholesterol
pH 5 ......................................... 26 + 11 (3)
pH 5, Neutralized ............ .................. 21 (2)
pH 7.2 (1)
a Percentage of the total recovered virus found in fractions 1 through 4. The

recovery ranged from 54 to 77%. Liposomes were RNase free.

creasing the ordering of the liquid-crystal phase (7). Three
structural features of the cholesterol molecule are generally
believed to be important for these effects: a free 1-hydroxyl
group at C-3, an aliphatic side chain at C-17, and a planar
(trans-fused) ring system (2, 7, 18). Of these three features,
only the unblocked 3p-hydroxyl appeared to be an absolute
requirement for SFV-liposome fusion. Both coprostanol and
androstanol, which cause little or no condensation or perme-
ability changes in bilayers, permitted significant levels of
SFV fusion. The sterol structural requirements for SFV
fusion thus do not correlate with those required to produce
the physical effects described above.

In its very specific requirement for a 31-OH group and its
less stringent requirements for other aspects of sterol struc-
ture, SFV fusion resembles the thiol-activated cytolysins (1,
10, 21). These bacterial toxins insert into membranes and
cause cell lysis, apparently by complexing specifically with
cholesterol. Pretreatment of toxin with cholesterol before
addition to membranes leads to stoichiometric complex
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FIG. 1. Gradient separation of 32P-labeled liposomes and 3H-

labeled SFV. 3H-labeled SFV was mixed with RNase-free lipo-
somes, as described in the text for the fusion assays. After treatment
at pH 7.0 (A) or pH 5.0 (B) for 15 min at 37°C, 50 1tl of the virus-
liposome mixture was mixed with 100 ,ul of 66.6% sucrose to yield a
final sucrose concentration of 44% and layered on the bottom of a
0.7-ml Beckman ultraclear centrifuge tube; 350 ,ul of 25% sucrose
and 200 ,ul of 5% sucrose were then added. Sucrose solutions were
weight to volume in 0.1 M NaCl containing either 50 mM Tris (pH
7.0) or 50 mM acetate (pH 5.0). After centrifugation for 4 h at 45,000
rpm in an SW55 rotor at 4°C, gradients were fractionated by hand
from the top with a 100-,ul pipette and assayed by liquid scintillation
counting. Fraction 1 is the top of the gradient. This gradient system
is similar to that described for influenza virus (R. Doms, A.
Helenius, and J. M. White, manuscript in preparation).
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formation and toxin inactivation. The toxin-sterol interac-
tion has a similar stereospecificity for the 3P-OH group and
also occurs with coprostanol; unlike the SFV fusion system,
however, androstanol shows no activity (1, 10). This exam-
ple demonstrates that sterol requirements for protein inser-
tion into bilayers appear to be based on different structural
criteria than those governing cholesterol-phospholipid inter-
actions. Acid treatment of SFV may cause the insertion of
spike glycoproteins into membranes by a cholesterol-depen-
dent mechanism similar to that of the cytolysins.
The apparent cholesterol-dependent fusion of arthropod-

borne viruses such as SFV and Sindbis virus poses an
interesting paradox. Mosquitoes are the natural vector for
these two alphaviruses in the wild (4), but the Insecta lack
the ability to synthesize sterol and as sterol auxotrophs must
obtain it from a dietary source (2, 18). Several insect cell
lines in culture can nevertheless be maintained in the ab-
sence of exogenous cholesterol and under these conditions
have dramatically reduced levels of sterol (20).
One can speculate that the presence of cholesterol in a

blood meal might permit the initial infection of mosquitoes
by SFV. It is well known that SFV infection in mosquitoes is
chronic and nonlethal (8). A decreased sterol content in
tissues other than the digestive tract could be a contributing
factor in the control of the systemic infection.
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