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Previously, it has been shown that the exposure of Semliki Forest virus (SFV) to a mildly acidic environment
induces a rapid and complete loss of the ability of the virus to bind and fuse to target membranes added
subsequently. In the present study, incubation of SFV at low pH followed by a specific reneutralization step
resulted in a partial reversion of this loss of viral fusion capacity, as assessed in a liposomal model system.
Also, the ability of the viral E1 fusion protein to undergo liposome-stimulated trimerization was restored.
Furthermore, acid-treated and neutralized SFV largely retained infectivity. Exposure of SFV to low pH induced
dissociation of the E1/E2 heterodimer, which was not reversed upon neutralization. It is concluded that the
SFV El1 fusion protein, after acid-induced dissociation from E2, rapidly adopts an intermediate, nontrimeric
conformation in which it is no longer able to interact with target membrane lipids. Neutralization restores the
ability of E1 to interact with membranes. This interaction, however, remains strictly dependent on low pH.

Semliki Forest virus (SFV) is an enveloped positive-strand
RNA virus belonging to the genus Alphavirus of the family
Togaviridae. 1t is well established that SFV enters its host cell
through receptor-mediated endocytosis via the clathrin-coated
pit pathway, fusing subsequently from within acidic endosomes
(14, 20). Through this fusion reaction, the viral genome gains
access to the host cell cytosol and initiates the infection pro-
cess. The low-pH-induced fusion process of SFV has been
studied extensively in cell-free model systems involving lipo-
somes as receptor-free target membranes (3, 16, 25, 37, 39, 40).
These studies have demonstrated that low pH is the sole trig-
ger for membrane fusion of SFV and that receptor interaction
is not required for the induction of the process. In addition,
these studies have revealed a striking dependence of SFV
fusion on the presence of both cholesterol (Chol) and sphin-
golipids in the target membrane (3, 5, 15, 16, 24, 25, 36, 37, 39,
40). Studies conducted with another prototype alphavirus,
Sindbis virus, have led to similar conclusions (30, 31, 32, 34).

Membrane fusion of alphaviruses is mediated by the El
component of the heterodimeric E1/E2 envelope glycoprotein
(6, 37). Recent X-ray crystallographic analyses of the structure
of the alphavirus membrane fusion protein (19) have revealed
that it has striking similarities with the structure of membrane
fusion protein E of flaviviruses (22, 27) and major differences
with the structure of the fusion protein hemagglutinin (HA) of
influenza virus (29, 41) and other HA-related viral membrane
fusion proteins. This has led to the definition of class I (HA
and related proteins) and class II (alphavirus and flavivirus
proteins) viral fusion proteins. Interestingly, very recent struc-
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tural analyses of the postfusion structures of two class II pro-
teins (2, 10, 11, 23) suggest that there may well be mechanistic
similarities between the fusion reactions mediated by the struc-
turally distinct class I and class II viral fusion proteins.

Membrane fusion of alphaviruses involves a low-pH-induced
dissociation of the E1/E2 heterodimer (12, 38) and formation
of a highly stable homotrimer of E1 (37). Heterodimer disso-
ciation exposes the fusion peptide region of E1 (between res-
idues 83 and 100) (6, 19) located at the tip of domain II of the
molecule (13). Subsequent trimerization is strongly stimulated
by the interaction of E1 with cholesterol- and sphingolipid-
containing target membranes (1, 18), suggesting that binding
of the virus to target membranes kinetically precedes E1 trimer
formation. Indeed, studies using Zn?>* as an inhibitor of E1
trimer formation (4) or a mutant of E1 blocked in trimer
formation (17) have shown that acid-induced E1/E2 hetero-
dimer dissociation suffices for efficient binding of SFV to target
liposomes containing cholesterol and sphingolipids. It would
thus appear that the trimerization of E1, while in association
with target membranes, represents a key step in the fusion
mechanism of alphaviruses.

In apparent agreement with the picture described above, it
has been shown that prior exposure to low pH of SFV alone
results in a rapid and complete loss of the ability of the virus to
subsequently bind to and fuse with liposomes (3, 37). Exposure
of the fusion peptide region of El in the absence of target
membranes would rapidly lead to a conformation of the pro-
tein unable thereafter to interact with membranes. Interest-
ingly, under these conditions, E1 also undergoes a limited
degree of trimerization (37). However, this E1 trimer appears
to be inactive, lacking the ability to interact with liposomes.

In this paper, we show that, in agreement with earlier ob-
servations, exposure of SFV to low pH in the absence of target
membranes results in a rapid and complete loss of viral mem-
brane fusion activity. However, when SFV was exposed to low
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FIG. 1. Effects of acidification, neutralization, and reacidification on SFV fusion with LUVs. Fusion of pyrene-labeled SFV with LUVs was
measured on-line as the decrease of the pyrene-excimer fluorescence at 480 nm (33). The fusion scale was set such that the initial excimer
fluorescence at 480 nm represented 0% fusion and the residual fluorescence, after addition of the detergent octaethyleneglycol-monododecyl ether
to a final concentration of 10 mM (representing infinite dilution of the fluorophore), corresponded to 100% fusion. Panel A presents a compilation
of multiple measurements in which virus (1 wM), in a continuously stirred final volume of 0.7 ml HNE buffer (pH 7.4) in a thermostated quartz
cuvette (37°C), was acidified to pH 5.5 by the injection of a small, pretitrated volume of 0.1 M MES (morpholinoethanesulfonic acid) and 0.2 M
acetic acid at 0 s. Subsequently, PC-PE-Chol-SPM (1:1:1.5:1) LUVs (100 wM) were added at 5 s, 35 s, and 80 s (arrows). For a control, a mixture
of virus and LUVs was acidified to pH 5.5 at 0 s (first curve on the left). At 300 s, the pH of the virus suspension was neutralized to pH 8 by the
injection of a small volume of 0.1 M NaOH (second arrow from the right), after which LUVs were added, and the mixture was acidified again to
pH 5.5 with a pretitrated volume of 0.1 M MES and 0.2 M acetic acid (outer arrow on the right). lip, liposomes (LUVs). For panel B, virus was
acidified as described for panel A, and at the indicated time points, PC-PE-Chol-SPM LU Vs were added (squares) or the mixture was neutralized

first, after which LUVs were added and the mixture was reacidified to determined the recovery of fusion activity of the virus (triangles).

pH followed by a specific reneutralization step, the capacity of
the virus to subsequently fuse with liposomes at low pH was
restored to a significant extent.

Fusion of SFV with liposomes was measured by using
pyrene-labeled virus, essentially as described before (3, 25, 33,
37). Briefly, SFV was grown on baby hamster kidney cells
(BHK-21) cultured beforehand in the presence of 1-pyrene-
hexadecanoic acid (Molecular Probes, Leiden, The Nether-
lands). Liposomes (large unilamellar vesicles [LUVs]) were
prepared by the dispersion of lipid mixtures, dried from chlo-
roform, in 5.0 mM HEPES, 150 mM NaCl, and 0.1 mM EDTA,
pH 7.4 (HNE buffer), in five cycles of freeze-thawing, with
subsequent extrusion of the dispersions through Unipore poly-
carbonate filters with pore sizes of 0.2 wm by use of a mini-
extruder (LiposoFast, Avestin, Ottawa, Canada). Liposomes
consisted of egg phosphatidylcholine (PC), phosphatidyleth-
anolamine (PE) generated from egg PC, bovine brain sphin-

gomyelin (SPM), and Chol in a molar ratio of 1:1:1:1.5. Phos-
pholipids and Chol were from Avanti Polar Lipids (Alabaster,
AL).

Pyrene-labeled SFV was incubated in HNE buffer at pH 5.5
with continuous stirring in a quartz cuvette of an SLM-Aminco
AB2 fluorimeter, maintained at 37°C, in the absence of target
liposomes. At different time intervals postacidification with the
pH maintained at 5.5, liposomes were added, and the fusion
process of the virus with the liposomes was monitored contin-
uously. As a control, a mixture of SFV and liposomes was
acidified. Figure 1A shows the results. Exposure of SFV to pH
5.5 in the presence of liposomes resulted in fast and extensive
fusion. However, when liposomes were added at different time
intervals after the acidification of the virus, the rate and extent
of fusion rapidly diminished. There was no detectable fusion
when liposomes were added 80 s or longer after the initial
acidification of the virus.
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To determine if this fusion inactivation was reversible, we
exposed pyrene-labeled SFV to low pH for 5 min and then
took the pH back to 8.0 by the addition of a small, predeter-
mined volume of 0.1 M NaOH. Subsequently, liposomes were
added while the pH was kept at 8.0, and then the virus-lipo-
some mixture was reacidified to pH 5.5. Figure 1A shows that
under these conditions, a significant fraction of the virus fused
with the liposomes, indicating that the neutralization step had
induced a partial reversion of the loss of viral membrane fusion
capacity.

Figure 1B shows the kinetics of fusion inactivation as deter-
mined in the liposomal model system with and without neu-
tralization. Clearly, without subsequent neutralization, expo-
sure of SFV to pH 5.5 resulted in a very fast and complete loss
of viral fusion capacity. Neutralization rescued about 45% of
the initial viral fusion capacity, which was assessed after the
subsequent addition of target liposomes and reacidification.
Even when the virus was exposed to pH 5.5 for up to 10 min,
neutralization restored approximately 45% of the original viral
membrane fusion capacity.

The loss of membrane fusion activity during incubation of
SFV at low pH appeared to be due to a loss of ability of the
virus to bind to the liposomes. This was determined in a direct
binding assay. Radioactively labeled SFV, prepared by infec-
tion of BHK-21 cells in the presence of [>**S]methionine as
described before (3, 25, 33, 37), was exposed to pH 5.5 in the
absence of liposomes for 2 min. Subsequently, liposomes were
added, and the incubation was continued for 3 min, after which
the mixture was neutralized for analysis. Alternatively, the
virus, after exposure to pH 5.5 for 5 min, was first neutralized
to pH 8.0 as described above, liposomes were added, and the
mixture was reacidified to pH 5.5 for 1 min and neutralized for
analysis. As a control, a mixture of virus and liposomes was
exposed to low pH for 5 min and subsequently neutralized for
analysis. Binding of the virus to the liposomes was assessed by
flotation analysis on a sucrose density gradient as described
before (3, 25, 33, 37). Figure 2 shows the results. Clearly,
exposure of a virus-liposome mixture to pH 5.5 resulted in
extensive (70%) irreversible binding of the virus to the lipo-
somes (Fig. 2, bar A). Under these conditions the virus also
fused to the liposomes (Fig. 1A). On the other hand, after
preexposure to low pH for 2 min, the virus had completely lost
its ability to bind to liposomes (Fig. 2, bar B). Neutralization,
however, partially restored the ability of the virus to bind to
liposomes upon subsequent reacidification (Fig. 2, bar C). Ap-
proximately 25% of the virus floated with the liposomes to the
top of the gradient under these conditions, corresponding to a
restoration of 36% of the original virus binding capacity. We
note that while the recovery of fusion activity after reacidifi-
cation of low-pH-exposed and neutralized virus in the presence
of liposomes was about 45%, the rescue of binding activity
under the same conditions was somewhat lower (36%). Al-
though we do not know what the reason for this difference is,
we think that it may due to the conditions used in the binding
assay, possibly causing a limited degree of dissociation of
bound virus from the liposomes.

It is well established that upon exposure to low pH, the
E1/E2 heterodimeric spike protein dissociates and that three
E1 monomers subsequently form a stable homotrimer (3, 15,
18, 37). As indicated above, there is good evidence to indicate
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FIG. 2. Effects of acidification, neutralization, and reacidification
on SFV binding to LUVs. Binding of SFV to PC-PE-Chol-SPM (1:1:
1.5:1) LUVs was determined by coflotation of virus with LUVs on
sucrose density gradients (33). Radioactively labeled SFV (10° to 10°
cpm) in HNE buffer in a glass tube was continuously stirred at 37°C.
Bar A, LUVs in HNE buffer (200 uM, pH 7.4) were added, and
subsequently, the mixture was acidified to pH 5.5 by the injection of a
small, pretitrated volume of 0.1 M MES and 0.2 M acetic acid. After
5 min, the mixture was neutralized with a pretitrated volume of 0.1 M
NaOH and placed on ice. Bar B, the virus was first acidified to pH 5.5,
and, after 2 min, LUVs in HNE buffer (pH 5.5) were added, and 3 min
later, the mixture was neutralized and placed on ice. Bar C, the virus
was first acidified to pH 5.5, and, after 5 min, the pH of the mixture was
raised to pH 8. Then, LUVs were added, and the mixture was reacidi-
fied to pH 5.5; 1 min later, the mixture was neutralized and placed on
ice. From the samples, 0.1 ml was mixed with 1.4 ml of 50% (wt/vol)
sucrose in HNE buffer and placed on the bottom of a Beckman SW50
ultracentrifuge tube. On top of this, 2.0 ml of 20% (wt/vol) sucrose in
HNE buffer and 1.0 ml of 5% (wt/vol) sucrose in HNE buffer were
layered. After centrifugation in a Beckman SW50 rotor at 150,000 X g
for 2 h at 4°C, the gradient was fractionated in 10 samples, starting
from the top. The distribution of the viral radioactivity was quantified
by liquid scintillation analysis. The radioactivity in the top four frac-
tions, relative to the total amount of radioactivity, was taken as a
measure for virus-LUV binding.

Virus Binding (%)

that efficient E1 trimer formation occurs only after the inter-
action of acid-activated virus with cholesterol- and sphingolip-
id-containing target membranes. Therefore, it was of interest
to examine whether SFV, during exposure to low pH, in the
absence of LUVs, loses the ability to form E1 trimers in the
presence of subsequently added liposomes, and, if so, to see
whether this ability is restored upon neutralization. The for-
mation of NP-40-resistant E1 homotrimers was assessed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, us-
ing [**S]methionine-labeled SFV, essentially as described be-
fore (3, 37), and quantified by phosphorimaging analysis using
Image Quant 3.3 software (Molecular Dynamics, Sunnyvale,
CA). The results are shown in Fig. 3. Exposure of SFV to pH
5.5 in the presence of liposomes resulted in the conversion of
almost 50% of the viral E1 to homotrimers (bar A). In the
absence of liposomes, the extent of El trimer formation was
significantly lower (22%, bar B). The addition of liposomes to
acid-exposed SFV at pH 5.5 did not stimulate E1 trimer for-
mation (bar C), indicating that E1 had lost its ability to interact
with cholesterol and sphingolipids in target liposomes. Neu-
tralization of acid-exposed SFV to pH 8.0 and subsequent
reacidification of the virus in the presence of liposomes, how-
ever, restored the ability of E1 to respond to the presence of
the liposomes by extensive trimer formation (bar D). There
was no trimer formation in a control incubation in which SFV
was not acidified in the first place (bar E).
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FIG. 3. Effects of acidification, neutralization, and reacidification
on E1 trimerization. Trimerization of E1 was determined under the
same experimental conditions as in the fusion and binding experi-
ments. Radioactively labeled SFV (10° to 10° cpm) in HNE buffer in a
glass tube was continuously stirred at 37°C. Bar A represents SFV that
was acidified to pH 5.5 by the injection of a small, pretitrated volume
of 0.1 M MES and 0.2 M acetic acid in the presence of PC-PE-Chol-
SPM (1:1:1.5:1) LUVs. After 5 min, the mixture was neutralized by the
addition of a small amount of 0.1 M NaOH and placed on ice. Bar B
represents SFV alone that was acidified and, 5 min later, neutralized
and placed on ice. Bar C represents SFV alone that was acidified and
to which, at 2 min, PC-PE-Chol-SPM LUVs were added. At 5 min, the
mixture was neutralized and placed on ice. Bar D represents SFV
alone that was acidified and for which, 5 min later, the pH of the mix-
ture was raised to pH 8. Subsequently, the LUVs were added, and the
mixture was reacidified to pH 5.5. After 1 min, the mixture was neu-
tralized and placed on ice. Bar E represents SFV alone placed on ice.
The samples were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. E1 trimerization was determined by autoradiogra-
phy and phosphorimaging analysis. The numbers of counts in the
trimer band are shown as percentages of the total amount of El
present.

The results described above suggest that SFV exposed to low
pH might, in fact, retain significant infectivity after neutraliza-
tion. In order to determine the effect of low pH on viral
infectivity, we performed a titration on acid-treated virus. SFV,
at a total protein concentration of 1.75 pg/ml in HNE buffer,
was incubated at pH 5.5 or 7.4 for 10 min at 37°C and subse-
quently neutralized with a predetermined volume of 0.1 M
NaOH. Subsequently, an infection assay was carried out on
BHK-21 cells in 96-well plates by use of serial dilutions of
virus. Infection of the wells was scored in an all-or-none fash-
ion, and virus titers were determined from the dilution causing
infection in 50% of the wells (26). While the control virus had
a titer of 1.9 X 10° IU/ml, SFV exposed to pH 5.5 and reneu-
tralized had a titer of 1.6 X 10° IU/ml. This result shows that
preexposure of SFV to low pH had an only minor effect on
infectivity under the conditions of the experiment, in agree-
ment with the results described above, showing significant re-
tention of membrane fusion capacity of acid-exposed and re-
neutralized virus. In a previous study, we have also shown that
SFV exposed to low pH and reneutralized retained a consid-
erable fraction of its initial infectivity, while a less stable mu-
tant, SFVAG6K, did not (21).

The results described above indicate that the neutralization
of acid-exposed SFV restores the capacity of the virus to sub-
sequently bind to and fuse with target membranes upon re-
acidification. This suggests that there is a certain degree of
reversibility in the acid-induced conformational changes in the

NOTES 7945

viral spike complex involved in the binding and fusion pro-
cesses. With this perspective, we next studied the detailed pH
dependence of the restoration of viral membrane fusion activ-
ity after preexposure of the virus to low pH. SFV was incubat-
ed at pH 5.5 for 5 min and neutralized to different pH values
as indicated, liposomes were added, and the virus-liposome
mixtures were reacidified to pH 5.5. For reasons of compari-
son, we determined, in the same experiment, the detailed pH
dependence of the initial acid-induced conformational change
by assessment of fusion in the presence of liposomes. The
results are shown in Fig. 4. Clearly, in the presence of lipo-
somes, the fusion of SFV was activated at a threshold pH of 6.2
and reached almost optimal extents at pH 5.8. This indicates
that the conformational changes in the viral spike mediating
the fusion process occur in a narrow pH range. Remarkably,
the pH dependence of fusion restoration upon neutralization
of virus preexposed to low pH was much less narrow and no
mirror image of the pH dependence of fusion activation. For
example, for optimal rescue of fusion activity, acid-exposed
virus had to be taken up to pH 8.0, whereas with decreasing
pH, fusion activation in the presence of liposomes started
around pH 6.2. This suggests that the restoration of fusion
capacity of the viral spike upon neutralization is not due to a
simple completely reversible event with low activation energy.

As indicated above, upon exposure to low pH, the SFV
E1/E2 heterodimeric spike first dissociates, after which the
virus binds to cholesterol- and sphingolipid-containing target
membranes. Since the results described above suggested that
the restoration of binding and fusion capacity of acid-exposed
and reneutralized virus does not involve a simple reversible
conformational change, we were interested to see whether the
dissociation of the E1/E2 heterodimer was reversible. E1/E2
dissociation was determined by solubilization of [**S]methi-
onine-labeled SFV in 1% NP-40 in HNE buffer, followed by
sedimentation analysis on a 5 to 20% (wt/wt) sucrose density
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FIG. 4. Effect of neutralization pH on the extent of fusion. Fusion
was measured as described in the legend to Fig. 1. Solid circles rep-
resent SFV in HNE buffer that was acidified to pH 5.5 by injection of
a small, pretitrated volume of 0.1 M MES and 0.2 M acetic acid. After
5 min, the samples were neutralized to the indicated pH values by the
addition of a small, pretitrated volume of 0.1 M NaOH. Subsequently,
PC-PE-Chol-SPM (1:1:1.5:1) LUVs were added, and the mixtures
were reacidified to pH 5.5. Squares represent mixtures of SFV and
PC-PE-Chol-SPM (1:1:1.5:1) LUVs in HNE buffer acidified to the
indicated pH values as described above.
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FIG. 5. Effects of acidification and neutralization on E1/E2 het-
erodimer dissociation. Dissociation of the E1/E2 heterodimer was de-
termined under the same experimental conditions as in the fusion and
binding experiments. Radioactively labeled SFV (10° cpm) in HNE
buffer (pH 7.4) in a glass tube was continuously stirred at 37°C.
Squares represent SFV acidified for 5 min by addition of a small
titrated volume 0.1 M MES and 0.2 M acetic acid. Subsequently, the
virus was solubilized by addition of NP-40 (to a 1% final volume), and
the mixture was neutralized (to a final concentration of 1%) by addi-
tion of a small, pretitrated volume of 0.1 M NaOH. Diamonds repre-
sent SFV acidified as described above. After 5 min, the pH of the
sample was raised to pH 8 by the addition of a small, pretitrated
volume of 0.1 M NaOH. Subsequently, NP-40 (1%) was added for
solubilization of the virus. Triangles represent SFV in HNE buffer (pH
7.4) solubilized by the addition of NP-40 (1%). The samples were
layered on top of a 5 to 20% (wt/wt) continuous sucrose gradient in
HNE buffer (pH 7.4) and 0.1% NP-40 in a Beckman SW50 centrifuge
tube. After centrifugation in a Beckman SW50 rotor at 192,000 X g for
16 h at 4°C, the gradients were fractionated in 38 fractions from the
top. The radioactivity in each fraction was determined by liquid scin-
tillation analysis.

gradient, essentially as described before (37, 38). In this gra-
dient, the larger E1 trimers move faster to the bottom of the
gradient than heterodimers, which in turn move faster than E1
or E2 monomers. SFV was exposed to pH 5.5 and solubilized
in NP-40 at acidic pH. Alternatively, SFV was exposed to pH
5.5, neutralized to pH 8.0, and then solubilized in NP-40. As a
control, untreated SFV was solubilized in NP-40 and analyzed.
The results are shown in Fig. 5. A major peak corresponding to
heterodimers was recovered from untreated SFV. In acid-ex-
posed SFV, as expected, the amount of E1/E2 heterodimers
was significantly reduced, while a distinct band appeared at the
bottom of the gradient corresponding to E1 homotrimers (see
also references 37 and 38). Neutralization of acid-exposed SFV
to pH 8.0 did not result in any detectable reformation of E1/E2
heterodimers. Clearly, the restoration of binding and fusion
activity of acid-exposed and reneutralized SFV does not ap-
pear to involve reconstitution of the original E1/E2 het-
erodimer. It should be noted that the apparent background
E1/E2 dissociation under the conditions of the experiment was
relatively high, with a significant fraction of E1 and E2 in
untreated virus being observed as monomers. This implies that
reformation of comparatively unstable E1/E2 heterodimers
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upon pH neutralization may have gone unnoticed in the assay.
Yet the results presented in Fig. 5 do suggest that reformation
of the original stable E1/E2 heterodimer does not occur.

The results in this paper demonstrate that, upon exposure of
SFV to low pH, the E1 fusion protein of the virus rapidly
adopts a conformation in which it can no longer interact with
cholesterol- and sphingolipid-containing liposomes added af-
ter the low-pH trigger. Neutralization of acid-exposed SFV
induces a substantial restoration of the ability of the virus to
interact with target membranes. Remarkably, however, under
these conditions, virus-liposome interaction still requires an
acidic pH, even though after the initial acid treatment and
neutralization, the original E1/E2 heterodimer does not ap-
pear to be reformed. If, indeed, the heterodimer remains dis-
sociated upon neutralization with a concomitant continued
exposure of the E1 fusion peptide (13), these results suggest
that peptide exposure in itself is not sufficient for stable inter-
action of El1 with target membranes. An acidic pH would
appear to remain an additional essential requirement.

During the course of this work, Gibbons and coworkers
published a paper on the role of low pH in the interaction of
SFV E1 with target membranes (9). Using a monoclonal anti-
body against the fusion peptide, the authors showed that, in the
intact virus, exposure of the E1 fusion peptide was dependent
on low pH, consistent with the notion that the fusion peptide
is shielded in the native virus by E2 and becomes exposed only
after low-pH-induced E1/E2 dissociation. Importantly, expo-
sure of the peptide was detected after pH neutralization, in
agreement with our suggestion above that neutralization does
not result in reformation of the original E1/E2 heterodimer in
which the E1 fusion peptide would be shielded by E2. The
authors also studied interaction of the fusion peptide-specific
monoclonal antibody with isolated E1 ectodomains (E1*).
Consistent with the notion that, in the intact E1/E2 hetero-
dimer, it is the E2 subunit that shields the E1 fusion peptide,
they found that the fusion peptide in E1* is fully exposed
irrespective of the pH. Yet, in agreement with previous studies
(1, 18), E1* interacted with liposomes at low pH only, indicat-
ing a direct pH control in this interaction. Our present results
are in complete agreement with these observations and sup-
port the idea that the interaction of E1 with cholesterol- and
sphingolipid-containing membranes in itself is controlled by
low pH, independent of the initial low-pH-induced E1/E2 het-
erodimer dissociation. Thus, there would appear to be multiple
levels at which low pH controls the membrane interaction of
SFV.

Gibbons et al. (9) also demonstrated that E1* does not
become irreversibly inactivated when incubated at low pH
alone. While under these conditions the ectodomain did not
trimerize, subsequent neutralization, followed by the addition
of liposomes and reacidification, resulted in target membrane
binding and efficient formation of El trimers. Again, our
present results with whole virus are in complete agreement
with this observation.

The most intriguing aspect of the present study relates to the
conformation that the majority of E1 adopts soon after expo-
sure of SFV to low pH in the absence of liposomes. Without
neutralization and reacidification, this conformation lacks the
ability to interact with target membranes. It is unlikely that this
nonreactive conformation of E1, which is susceptible to func-
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tional reactivation upon pH neutralization, is a stable homotri-
mer. While there is a limited extent of E1 trimer formation in
low-pH-exposed virus (Fig. 3), the well-documented stability of
the E1 trimer (8, 37) makes it unlikely that any of this E1 is
involved in the subsequent interaction with target membranes
after neutralization and reacidification of the virus. Therefore,
after low-pH-induced E1/E2 heterodimer dissociation, it is
probably a monomeric form of E1 that rapidly adopts a non-
reactive conformation. It would appear that under these con-
ditions, the E1 fusion peptide remains fully exposed (9, 13) yet
is unable to interact with target liposomes despite the fact that
the pH is maintained at 5.5. It is possible that regions of E1
other than the fusion peptide are involved in the control of the
interaction of the protein with cholesterol-containing mem-
branes (9, 19). For example, a loop region around E1 position
226 has been proposed to act as a sensor for cholesterol in the
target membrane (9), since mutations at this position affect the
cholesterol dependence of the SFV infection process (35).
Perhaps this region becomes rapidly shielded upon exposure of
SFV alone to low pH. In this regard, it would be interesting to
know whether the E1 ectodomain exhibits a similar loss of
reactivity towards target membranes when the pH is main-
tained at 5.5 during the addition of liposomes; this is not clear
from the study of Gibbons et al. (9).

Upon pH neutralization, acid-exposed SFV regains the abil-
ity to interact with target membranes when reexposed to low
pH. As argued above, we cannot formally exclude the possi-
bility that, under these conditions, E1 reunites with E2 to form
an unstable E1/E2 heterodimer. However, the original stable
E1/E2 heterodimer does not appear to be reformed (Fig. 5).
The results of Gibbons et al. (9) also support the notion that
the original E1/E2 heterodimer is not reformed upon neutral-
ization of virus preexposed to low pH. One possibility is that
neutralization of acid-exposed virus brings the putative choles-
terol-sensing loop around position 226 in monomeric E1 back
in a reactive position. In any case, subsequent reacidification
remains an absolute requirement for functional binding and
fusion of the virus to target membranes due to the strict pH
control of the lipid interaction of the El fusion peptide, as
discussed above.

It is interesting that reversible pH-induced conformational
changes in viral envelope glycoproteins have been observed
before, notably in the case of rhabdoviruses, such as rabies
virus (7, 28) and vesicular stomatitis virus (42). The trimeric
rhabdovirus G envelope glycoprotein assumes three distinct
conformations. Besides the neutral-pH native state (N), there
appear to be a low-pH-activated state (A) which initiates the
membrane fusion process and a fusion-inactive conformation
(I) which is observed after prolonged incubation of the virus at
low pH (28), which are apparently similar to the conformations
of the alphavirus E1/E2 glycoprotein observed in the present
study. Yet the reversibility of the pH-induced conformational
change of the G protein appears to be different from that of
the alphavirus E1/E2. Whereas for G there is a genuine ther-
modynamic equilibrium between the N, A, and I states (28),
the reversibility of the low-pH-induced conformational change
in the alphavirus envelope glycoprotein is primarily a func-
tional phenomenon without reformation of the exact same
native structure of the spike upon pH neutralization.
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