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Alphaviruses such as Semliki Forest virus (SFV) are enveloped viruses that infect cells through a low-pH-
triggered membrane fusion reaction mediated by the transmembrane fusion protein E1. E1 drives fusion by
insertion of its hydrophobic fusion loop into the cell membrane and refolding to a stable trimeric hairpin. In
this postfusion conformation, the immunoglobulin-like domain III (DIII) and the stem region pack against the
central core of the trimer. Membrane fusion and infection can be specifically inhibited by exogenous DIII,
which binds to an intermediate in the E1 refolding pathway. Here we characterized the properties of the E1
target for interaction with exogenous DIII. The earliest target for DIII binding was an extended membrane-
inserted E1 trimer, which was not detectable by assays for the stable postfusion hairpin. DIII binding provided
a tool to detect this extended trimer and to define a series of SFV fusion-block mutants. DIII binding studies
showed that the mutants were blocked in distinct steps in fusion protein refolding. Our results suggested that
formation of the initial extended trimer was reversible and that it was stabilized by the progressive fold-back
of the DIII and stem regions.

The alphaviruses are members of a genus of small spherical
enveloped viruses with positive-sense RNA genomes (reviewed
in reference 23). Alphaviruses include a number of medically
important pathogens such as Eastern equine encephalitis virus
and the emerging pathogen chikungunya virus, which has
caused recent epidemics in India (10, 41, 43). Although human
infections by pathogenic alphaviruses are increasing, to date
there are no vaccines or antiviral therapies available for use in
treatment of patients. Well-characterized alphaviruses such as
Semliki Forest virus (SFV) and Sindbis virus have been used
extensively to study the structure, entry, replication, and bio-
genesis of this important group of viruses (23).

The alphavirus particle contains an inner core of the viral
RNA in a complex with the capsid protein (23). This is sur-
rounded by a lipid membrane containing the transmembrane
E2 and E1 proteins, organized as trimers of E2 and E1 (E2/E1)
heterodimers and arranged with T � 4 icosahedral symmetry.
Alphaviruses infect host cells by binding to receptors at the
plasma membrane followed by uptake via clathrin-mediated
endocytosis (reviewed in reference 18). The low-pH environ-
ment of the endosome then triggers the fusion of the viral and
endosome membranes to deliver the nucleocapsid into the
cytosol. Endocytic uptake and virus infection are blocked by
expression of dominant-negative versions of host proteins in-
volved in endocytosis (e.g., see references 7 and 42), whereas
fusion and virus infection are inhibited by neutralizing the low
pH of endocytic vesicles (e.g., see references 9 and 16). During
entry, the E2 protein binds the virus receptor(s) while E1
mediates membrane fusion.

The structures of the E2/E1 heterodimer and the prefusion
and postfusion structures of the E1 protein provide important
information about the alphavirus membrane fusion reaction
(14, 24, 26, 37, 39, 46). E1 and E2 are both elongated mole-
cules composed primarily of � sheets. E1 contains a central
domain, domain I (DI), that connects on one side to domain II
(DII), which has the hydrophobic fusion loop at its distal tip.
On the other side, DI connects via a linker region to domain
III (DIII), an immunoglobulin-like domain that is followed by
the stem region and C-terminal transmembrane domain. On
the surface of the virus, E1 is arranged tangential to the virus
membrane and is largely covered by E2. Upon exposure to low
pH, the E2/E1 heterodimer dissociates (47), exposing the E1
fusion loop, which then inserts into the target membrane (12).
Monomers of E1 then trimerize and refold to form the stable
postfusion homotrimer (48). The structure of the final ho-
motrimer reveals a central core trimer composed of DI and
DII (14). DIII folds back to pack against this core trimer,
moving toward the target membrane-inserted fusion loop to
generate a hairpin-like structure with the fusion loops and
transmembrane domains on the same side of the trimer. The
conversion of E1 from the metastable prefusion conformation
to the final postfusion homotrimer drives the fusion reaction.
Flaviviruses such as dengue virus (DV) have a structurally
similar membrane fusion protein E, which mediates fusion
through a comparable conversion to a membrane-inserted tri-
meric hairpin (e.g., see references 33 and 34).

Given the important movement and packing of DIII during
E1’s rearrangement to the final homotrimer, we explored the
use of exogenous DIII as a fusion inhibitor (27). We found that
alphavirus or dengue virus DIII proteins can specifically bind
to E1 or E during the low-pH-triggered fusion reaction. The
bound DIII protein acts as a dominant-negative inhibitor of
virus fusion and infection. No cross-inhibition of alphaviruses
by dengue DIII (or vice versa) is observed. Using an in vitro
reconstitution approach, we showed that a truncated form of
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E1 containing domains I and II and the linker region (DI/II)
could form stable trimers on target membranes at low pH (40).
These core trimers act as an efficient target for DIII binding,
whereas monomeric DI/II does not stably bind DIII. Together,
these data suggest that exogenous DIII inhibits fusion by bind-
ing to unoccupied sites on a trimeric E1 fusion intermediate,
thus inhibiting the fold-back of endogenous DIII.

Here we set out to determine the properties of the viral
target for exogenous DIII. We showed that DIII binds to a
membrane-inserted E1 intermediate formed at a very early
stage of the fusion reaction in a process independent of target
membrane receptors. This target was not detectable by the
biochemical assays used to monitor the final postfusion ho-
motrimer; thus, the interaction with exogenous DIII represents
a novel tool to assay this fusion intermediate. We then used
DIII binding to characterize the fusion blocks caused by mu-
tations in the E1 fusion loop, the adjacent ij loop, and the E1
stem region. While all three mutations allowed the formation
of the DIII target, they define three distinct stages in the
pathway of E1 rearrangement to its final postfusion conforma-
tion.

MATERIALS AND METHODS

Cells and viruses. BHK-21 cells were propagated in complete BHK medium
(Dulbecco’s modified Eagle’s medium containing 5% fetal calf serum, 10%
tryptose phosphate broth, 100 U penicillin/ml, and 100 �g streptomycin/ml) at 37
or 28°C. Cholesterol-containing C6/36 mosquito cells and cholesterol-depleted
C6/36 cells were cultivated as described for previous studies (45).

The wild-type (WT) SFV used in the study was a well-characterized plaque-
purified stock (15) or was derived by in vitro RNA transcription of the WT SFV
infectious clone pSP6-SFV4 (30). The SFV E1 point mutants H230A (3) and
G91D (8) and the E1 stem deletion mutant �20 (28) were constructed by
mutagenesis of pSP6-SFV4 as previously described.

Preparation of pyrene and radiolabeled viruses. Pyrene-labeled WT SFV was
prepared essentially as described previously (5). In brief, BHK cells were cul-
tured for 25 h in medium containing 1-pyrenehexadecanoic acid (Invitrogen,
Carlsbad, CA) (10 �g/ml). The cells were then infected at multiplicity of infec-
tion (MOI) of 5 PFU/cell for 20 h. The labeled virus was purified by banding on
a discontinuous sucrose gradient (22) and stored in aliquots at �80°C until use.
Radiolabeled WT SFV was prepared by infecting BHK cells at high MOI and
overnight incubation in methionine-free medium containing Express labeling mix
(Perkin Elmer Life and Analytical Sciences) (83 �Ci/ml). Labeled virus was
purified and stored as described above. Radiolabeled H230A and G91D viruses
were prepared similarly, but BHK-21 cells were infected by electroporation with
in vitro-transcribed virus RNA and radiolabeled overnight at 28°C using 133
�Ci/ml (3, 8).

Expression, refolding, and purification of recombinant proteins. The proteins
used in this study were N-terminally hexahistidine-tagged SFV domain III with
the stem region and N-terminally hexahistidine-tagged DV domain III, previ-
ously termed SFV HDIIIS and DV HDIII (27). For simplicity, these proteins are
referred to here as SFV DIII and DV DIII, respectively. The proteins were
generated by expression in Escherichia coli strain BL21(DE3), refolding in vitro,
and purification on a Superdex G-75 gel filtration column (GE Healthcare) (27).

Liposomes. Liposomes were prepared by freezing-thawing and extrusion of the
lipid mixture through two stacked 200-nm-pore-size polycarbonate filters using a
Liposofast mini-extruder (Avestin, Ottawa, Canada) as described previously (5).
Complete liposomes contained a 1:1:1:1.5 molar ratio of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoethanolamine (POPE), bovine brain sphingomyelin (Avanti Polar Lipids,
Alabaster, AL), and cholesterol (Steraloids, Inc., Wilton, NH). Liposomes with-
out cholesterol contained a POPC/POPE/sphingomyelin molar ratio of 1:1:1.
The liposomes were prepared in HNE buffer (5 mM HEPES, 150 mM NaCl, 0.1
mM EDTA, pH 7.0) and stored in N2 at 4°C for up to 2 weeks.

Virus-liposome fusion assay. Virus fusion with target liposomes was moni-
tored using a lipid mixing assay that follows the decrease in the excimer signal of
pyrene-labeled virus (2, 5). Pyrene-labeled virus was mixed with liposomes at a
final liposomal lipid concentration of 200 �M and the indicated final concentra-

tion of SFV or DV DIII protein. The mixture was incubated for 5 min in a stirred
thermostated cuvette at 20°C and then adjusted to pH 5.5 by the addition of a
pretitrated volume of 0.3 M morpholineethanesulfonic acid (MES), pH 4.85. The
pyrene excimer signal was monitored by an Aminco-Bowman AB-2 fluorometer
(Spectronic Unicam, Rochester, NY), using excitation at 343 nm, emission at 480
nm, and a 470-nm-pore-size cutoff filter in the emission beam. After low-pH
treatment, the reaction was neutralized with a pretitrated amount of 0.11 M
triethanolamine. The detergent octaethylene glycol monododecyl ether (C12E8)
was added to a final concentration of 22 mM to produce complete dilution of the
pyrene excimer. By measuring the excimer fluorescence, the extent of fusion was
calculated before the low-pH treatment and after detergent addition as 0 and
100% fusion, respectively.

Virus-liposome association. Radiolabeled virus was incubated with 200 �M
liposomes at 20°C for 1 min at pH 5.5 in the presence of either SFV DIII or DV
DIII. The samples were adjusted to pH 8 and 40% sucrose in a final volume of
0.6 ml. The mixture was layered over a 60% sucrose cushion and overlaid with 1
ml (wt/vol) of 25% sucrose and 0.3 ml (wt/vol) of 5% sucrose prepared in 50 mM
Tris (pH 7.4)–100 mM NaCl. The gradients were centrifuged in a TL-55 rotor at
54,000 rpm for 3 h at 4°C and collected in 7 fractions. The percentage of total
virus radioactivity associated with the liposomes in the top three fractions was
determined as previously described (38).

Interaction of DIII with SFV E1. To measure the interaction of SFV DIII with
cell-bound virus (27), radiolabeled WT SFV or G91D or H230A mutant viruses
were bound to cells for 90 min on ice with shaking and treated at pH 5.5 for 1 min
at 37°C in the presence of 2 �M SFV or DV DIII. Low-pH treatment was
performed on ice for 0, 5, 10, or 30 s (see Fig. 2). Cells were then washed at
neutral pH and solubilized in lysis buffer (50 mM Tris [pH 7.4], 100 mM NaCl,
1% Triton X-100, 1 mM EDTA, 1 �g/ml pepstatin A, 50 �g/ml leupeptin, 0.1%
bovine serum albumin [BSA], 100 �g/ml aprotinin, 1 mM phenylmethylsulfonyl
fluoride [PMSF]).

To measure the interaction of DIII with cell surface-expressed WT or �20 E1,
BHK-21 cells were electroporated with viral RNA and incubated at 37°C for 6 h.
The cells were starved for 15 min at 37°C in medium that was free of methionine
and cysteine, pulse-labeled for 20 min with 150 �Ci of [35S]methionine-cysteine/
ml, and chased for 1 h in medium containing excess methionine and cysteine. The
cells were treated for 1 min at 37°C and the indicated pH in the presence of SFV
or DV DIII under additional conditions (see Fig. 6). Cells were washed and lysed
as described above.

Immunoprecipitation. Retrieval of E1 by the use of bound DIII was deter-
mined by immunoprecipitation as previously described (27). In brief, aliquots of
the lysates were immunoprecipitated with rabbit polyclonal serum to E2/E1 (19),
the acid conformation-specific E1 monoclonal antibody (MAb) E1a-1 (1, 19), an
MAb to the hexahistidine tag on DIII (Sigma, St. Louis, MO), or a preimmune
rabbit serum. Samples were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and quantitated by phosphorimaging (29). The
level of retrieved E1 was expressed as a percentage of the total E1, defined as
the E1 immunoprecipitated with the rabbit polyclonal serum to E2/E1.

Assays of E1 homotrimer formation. Radiolabeled virus was bound to BHK-21
cells on ice and treated at the indicated pH under the indicated conditions. The
cells were lysed (1% Triton X-100 in phosphate-buffered saline [PBS]), and the
cellular debris was removed by centrifugation. The SDS resistance of the E1
homotrimer was assayed by treating aliquots of the lysates with 4% SDS at 30°C
for 3 min. Parallel aliquots were treated at 95°C to disrupt the homotrimer and
used to determine the total E1 level. Samples were analyzed by SDS-PAGE and
phosphorimaging. The amount of E1 migrating at the homotrimer position at
30°C was compared to the total E1. Trypsin-resistant E1 homotrimers were
quantitated by treatment of aliquots of the cell lysates with 100 �g tosylamino-
phenylethyl chloromethyl ketone (TPCK)-trypsin/ml at 37°C for 10 min, followed
by quenching with a 3-fold excess of soybean trypsin inhibitor. The samples were
then analyzed by SDS-PAGE and phosphorimaging. The amount of trypsin-
resistant E1 was expressed as a percentage of the amount of E1 recovered from
the cell lysate incubated in the absence of trypsin.

Analysis of E1 stem packing. The packing of the E1 stem in the postfusion
homotrimer was assayed using an anti-peptide antibody generated against the
N-terminal half of the stem as previously described (29). Radiolabeled virus was
prebound to BHK-21 cells on ice and treated at pH 5.5 for 1 min at 37°C. The
cells were solubilized in 1% Triton X-100 in PBS, and the monomeric E1 was
removed by digestion with 100 �g/ml TPCK-trypsin for 15 min at 37°C. As a
control, an aliquot of each sample was denatured with 1% SDS to expose the
stem, using 3 cycles of incubation for 3 min at 95°C, followed by dilution in 1%
Triton X-100–PBS to a final SDS concentration of 0.05%. The samples were
immunoprecipitated with a polyclonal serum against E2-E1 proteins, affinity-
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purified antibody to the stem (29), or preimmune serum and analyzed by SDS-
PAGE and phosphorimaging.

Statistical analysis. The Prism program (GraphPad Software, Inc.) was used
for statistical evaluation of data as indicated, using t tests to generate two-
tailed P values. A P value (p) of �0.05 was considered to indicate a significant
difference.

RESULTS

Effect of DIII proteins on SFV membrane association and
liposome fusion. Our previous studies of DIII inhibition were
performed using virus prebound to cells on ice and then
treated at low pH in the presence or absence of DIII (27). We
observed inhibition of fusion using assays of either virus infec-
tion (full fusion) or the dilution of the lipid probe pyrene from
the virus membrane (lipid mixing). Exogenous DIII also inhib-
ited infection when present during alphavirus endocytic entry.
In all of these assays, the virus interacts with the cellular re-
ceptor, a condition that may itself alter the arrangement of the
envelope proteins and potentiate their interaction with exog-
enous DIII (11). We therefore used liposome target mem-
branes to test whether DIII could inhibit fusion in the absence
of virus-receptor binding.

Liposomes were mixed with pyrene-labeled SFV and do-
main III proteins. Note that throughout this paper, “SFV
DIII” is used to designate the most inhibitory form of DIII
containing the N-terminal His tag and C-terminal stem region
(see Materials and Methods for details). The fluorescence
emission of the pyrene excimer was recorded during incubation
at 20°C (Fig. 1A). Lipid mixing occurred rapidly when the
control sample was adjusted to pH 5.5 (curve a), in keeping
with the reported results of previous studies (2, 5). Exogenous
SFV DIII caused a dose-dependent inhibition of virus fusion
(curves c to f). Maximal inhibition was observed at a concen-
tration of 20 �M SFV DIII, with lipid mixing reduced by
�60% compared to buffer control results (curve f). Higher
concentrations of SFV DIII did not cause further inhibition
(data not shown). Inhibition was specific, since fusion in the
presence of 20 �M DV DIII was similar to that seen in the
presence of buffer alone (curve b versus curve a). SFV DIII
inhibition of virus-liposome fusion was less complete than in-
hibition of virus-cell fusion (27), which could reflect differences
in the assays, target membrane concentration and composition,
kinetics, and/or the accessibility or geometry of the fusion site.

Based on our previous results, we hypothesized that the DIII
target is a trimeric membrane-inserted intermediate generated
during the E1 low-pH conformational change (27). However,
we were unable to directly test the effect of DIII on E1 mem-
brane insertion by the use of our previous cell-based virus
fusion assays. We here evaluated membrane insertion by the
use of a virus-liposome cofloatation assay. Radiolabeled SFV
was mixed with liposomes and domain III proteins and incu-
bated at pH 5.5 for 1 min to trigger E1-membrane interaction.
The liposomes and bound virus particles were separated from
unbound virus by floatation on sucrose gradients. As shown in
Fig. 1B, SFV efficiently associated with complete liposomes,
which support E1-membrane insertion and fusion, but did not
associate with cholesterol-deficient liposomes, which do not
support insertion and fusion. The presence of SFV DIII versus
control DV DIII did not significantly affect the interaction of
SFV with complete target liposomes (P � 0.0997), even though

SFV DIII strongly inhibits virus-liposome fusion. The small
reduction in the interaction that was observed in the presence
of SFV DIII was similar to that observed with sphingolipid-
deficient liposomes that are fusion deficient but support E1
insertion (6). Our data thus indicate that SFV DIII inhibits the
initial lipid-mixing step of fusion without having a substantial
effect on E1-membrane interaction and support the hypothesis
that the target of DIII is a membrane-inserted trimeric inter-
mediate.

Formation of the target for exogenous domain III. Brief
low-pH treatment of SFV at 4°C in the presence of target mem-
branes causes the dissociation of the E1/E2 dimer without trig-
gering the fusion of the virus membrane (2, 17). Under these
conditions, the trypsin-and-SDS-resistant E1 homotrimer does
not form, in keeping with the absence of the final postfusion
trimer in the cold-arrested intermediate. To further define the
intermediate, we assayed for the formation of the DIII target
under the described conditions.

Radiolabeled SFV was prebound to cells and treated on
ice at pH 5.5 in the presence or absence of SFV DIII. The

FIG. 1. Exogenous domain III impairs SFV fusion without signifi-
cantly affecting virus-membrane association. (A) Virus-liposome fu-
sion activity in the presence of increasing concentrations of DIII.
Pyrene-labeled SFV was mixed with complete liposomes plus buffer
alone (a), 20 �M DV DIII (b), or SFV DIII at a concentration of 5 �M
(c), 10 �M (d), 15 �M (e), or 20 �M (f). The fusion reaction was
triggered at pH 5.5 at time zero, and the fluorescence signal was
recorded in real time during incubation at 20°C. (B) Effect of DIII on
virus-liposome association. Radiolabeled SFV was mixed with com-
plete liposomes in the presence of control buffer, 20 �M SFV DIII, or
20 �M DV DIII or with cholesterol-deficient liposomes, treated for 1
min at pH 5.5 and 20°C, and adjusted to neutral pH. The virus-
liposome association was analyzed by cofloatation on a discontinuous
sucrose gradient; data are expressed as the percentage of the total virus
in the gradient present in the top 3 fractions. Data shown in panel B
represent the average of the results of two independent experiments;
bars indicate the range.
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cells were lysed, and the percentage of E1 interacting with
DIII was determined by coimmunoprecipitation. Parallel
samples treated in the absence of DIII were tested for tryp-
sin resistance. The E1 interaction with exogenous DIII was
clearly detectable after 5 to 10 s of low-pH treatment, time
points at which the amount of trypsin-resistant E1 was neg-
ligible (Fig. 2).

Alphavirus membrane fusion is strongly promoted by the
presence of cholesterol in the liposome or cellular target mem-
brane (21, 36, 44). In the absence of cholesterol, E1 converts to
a trypsin-and-SDS-resistant form at low pH, indicating forma-
tion of the E1 homotrimer, but complete stem fold-back and
packing do not occur (29). This might reflect a change in the
core trimer when it is generated in the absence of cholesterol.
We therefore tested the cholesterol dependence of the target
for DIII binding. Radiolabeled SFV was prebound to control
and cholesterol-depleted C6/36 mosquito cells and treated at
pH 5.5 for 1 min at 37°C in the presence of either SFV DIII or
DV DIII (Fig. 3). There was no significant difference in the
amounts of E1 retrieved by SFV DIII in control versus sterol-
depleted cells (P � 0.4872). Together, the results of these
experiments thus demonstrate that the target for DIII binding
is formed at a very early stage in the fusion reaction but does
not require cholesterol in the target membrane.

Exogenous DIII interaction destabilizes the E1 trimer. Our
data to date suggest that the target of DIII protein interaction
is a trimeric membrane-inserted intermediate. While our pre-
vious data indicated that E1 retrieved by DIII binding was in a
trypsin-resistant conformation, this retrieval was performed
using relatively low concentrations of DIII, conditions under
which some fold-back of endogenous DIII might have occurred
(27). We hypothesized that full occupancy of the DIII binding

sites on E1 completely blocks the fold-back of all three E1
subunits, thus blocking formation of the SDS-and-trypsin-re-
sistant E1 trimer.

We therefore tested the effect of increasing concentrations
of DIII on the stability of the E1 trimer (Fig. 4). The propor-
tion of E1 in the SDS-and-trypsin-resistant conformation
showed a dose-dependent decrease when low-pH treatment

FIG. 2. The target for exogenous domain III binding is formed at
an early stage of the fusion reaction. BHK cells were incubated with
radiolabeled SFV for 90 min on ice. The cells and bound virus were
then treated for the indicated times on ice at pH 5.5 in the presence of
2 �M SFV DIII. The cells were washed at neutral pH and lysed.
Aliquots of the lysates were immunoprecipitated with antibody to the
hexahistidine tag on DIII or with polyclonal antiserum against the
E1-E2 proteins, and the retrieved E1 was quantitated by SDS-PAGE
and phosphorimaging. The amount of E1 retrieved by exogenous DIII
is expressed as a percentage of the total amount of E1 retrieved with
the polyclonal serum (black bars). The formation of trypsin-resistant
E1 (gray bars) was determined as described in Materials and Methods,
using parallel samples treated for the indicated times on ice at pH 5.5
in the absence of exogenous DIII. Data shown represent the mean and
standard deviation of the results of 4 independent experiments (5-, 10-,
and 30-s time points) or the average and range of the results of 2
independent experiments (0-s time point).

FIG. 3. Formation of the core trimer is independent of target mem-
brane cholesterol. Monolayers of control (black bars) and cholesterol-
depleted (gray bars) C6/36 mosquito cells were incubated with radio-
labeled SFV for 90 min on ice. The cells and bound virus were treated
at pH 5.5 or 7.4 for 1 min at 37°C in the presence of either SFV DIII
or DV DIII. The cells were lysed, and the percentage of E1 interacting
with SFV DIII was assessed by immunoprecipitation as described for
Fig. 2. Data shown represent the average and range of the results of 2
independent experiments.

FIG. 4. Binding of exogenous domain III reduces the stability of
the E1 homotrimer. BHK cells were incubated with radiolabeled SFV
for 90 min on ice. The cells were then washed, and the cell-bound virus
was treated at neutral or low pH in the presence of control buffer or
the indicated concentrations of SFV or DV DIII. The cells were
washed at neutral pH and lysed, and aliquots of the lysates were
assayed for E1 trypsin resistance (gray bars) as described in Materials
and Methods. Parallel aliquots were used to determine the resistance
of the E1 homotrimer to treatment with SDS sample buffer at 30°C
(black bars). Data shown represent the average and range of the
results of 2 independent experiments.
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was carried out in the presence of SFV DIII. DV DIII had no
effect. At the highest concentration of SFV DIII, most of the
E1 trimer was destabilized and no longer showed either SDS or
trypsin resistance. This suggests that DIII was interacting with
extended E1 trimers in which none of the endogenous DIII
had packed against the core trimer. The interaction of exoge-
nous DIII with viral E1 thus defines a distinct membrane-
inserted fusion intermediate that, in its earliest form, is not
detectable by the biochemical methods used to analyze the
stable postfusion E1 homotrimer.

DIII interaction with the G91D fusion loop mutant. Given
the properties of the DIII target described above, the DIII-E1
interaction can be used as an important and novel tool to
analyze the conformation of E1 during the fusion pathway. We
therefore used DIII binding to analyze three previously char-
acterized SFV fusion mutants, as described in detail in this and
the following sections. All three mutants are completely
blocked with respect to membrane fusion, including the initial
lipid mixing, but they progressed to different points in the E1
rearrangement.

The SFV E1 G91D mutant contains a lethal glycine-to-
aspartate substitution at position 91 in the E1 fusion loop at
the tip of domain II (20, 25). This mutation does not inhibit
low-pH-triggered E1 insertion into the target membrane or
reactivity with the acid conformation-specific MAb E1a-1 but
blocks formation of the stable E1 trimer, as assayed by sucrose
gradient sedimentation and SDS and trypsin resistance.

We used DIII binding to investigate whether the G91D
mutant was able to form the trimeric DIII target. Radiolabeled
WT or G91D SFV was prebound to cells, treated for 1 min at
pH 5.5 in the presence of SFV DIII, and analyzed for DIII-E1
binding by coimmunoprecipitation (Fig. 5A). Both WT E1 and
the G91D mutant E1 were efficiently bound by exogenous SFV
DIII, with the G91D mutant showing a slight increase in the
binding level compared to the WT. The interaction required
low-pH treatment and was not observed for the DV DIII.

This result indicated that, although the G91D mutant was
incapable of forming the final E1 homotrimer, it was able to
form an extended trimeric intermediate that can bind exoge-
nous DIII. We then asked whether this G91D trimer could be
generated at low pH and remain stable for subsequent DIII
binding. Radiolabeled WT or G91D SFV was prebound to
cells, treated for 1 min at pH 5.5 in the absence of DIII, and
returned to neutral pH. The cells and bound virus were then
incubated with exogenous DIII for 1 min at either neutral pH
or pH 5.5. The cells were lysed and immunoprecipitated with
the acid conformation-specific MAb E1a-1 or with an antibody
specific for exogenous DIII (Fig. 5B). As expected, during the
first treatment at low pH, WT SFV efficiently formed the E1
homotrimer, as shown by its reactivity with MAb E1a-1. How-
ever, this end-stage E1 homotrimer was no longer accessible
for exogenous DIII binding during a second incubation at
either neutral or low pH, in keeping with our previous results
(27). In contrast, the G91D mutant E1 was able to bind exog-
enous DIII during a second low-pH incubation. Mutant E1-
DIII binding required incubation at low pH. Our previous
studies conducted with truncated E1 proteins showed that the
DIII binding step does not require low pH per se (40) (see also
Fig. 6 below). Thus, the results suggest that G91D E1 can form
an extended prehairpin homotrimer but that this intermediate

is reversible upon return to neutral pH. It can be captured and
stabilized by binding exogenous DIII.

DIII interaction with the �20 stem deletion mutant. We
previously showed that a specific sequence of the SFV E1 stem
region is not required for membrane fusion but that a minimal
stem length is required (28). A 20-amino-acid deletion within
the stem (�20) completely blocked the ability of E1 to mediate
cell-cell fusion, and fusion was rescued by the addition of 11
alanine residues. Although it is inactive with respect to fusion,
�20 E1 can still form an E1 homotrimer that is resistant to
trypsin and SDS (28). Here, we used exogenous DIII to char-
acterize the �20 core trimer and the extent of E1 fold-back.

FIG. 5. Formation of the core trimer is reversible in the G91D
fusion loop mutant. (A) Formation of the target of SFV DIII binding
in WT and G91D SFV. BHK cells were incubated with either radio-
labeled WT SFV (black bars) or the G91D mutant (gray bars) on ice
for 90 min, treated at the indicated pH for 1 min at 37°C in the
presence of 2 �M SFV or DV DIII, washed in neutral pH buffer, and
lysed. E1 retrieval with antibody to exogenous DIII was assayed and
quantitated as described for Fig. 2. Data shown are a representative
example of the results of two independent experiments. IP, immuno-
precipitation. (B) Reversibility of core trimer formation in the G91D
mutant. BHK cells were incubated on ice with WT or mutant SFV as
described for panel A, treated at pH 5.5 for 1 min at 37°C in the
absence of DIII, and returned to neutral pH (see schematic). Cells
were then incubated at 37°C in the presence of exogenous SFV DIII
for 1 min at the indicated pH, washed in neutral pH buffer, and lysed.
Parallel aliquots of the lysates were precipitated with an E1 acid
conformation-specific MAb (E1a-1; white bars), an antibody that rec-
ognizes exogenous SFV DIII (anti DIII; black bars), and a control
preimmune serum (Pre; crosshatched bars). The percentage of E1
retrieved with each antibody was quantitated by comparison with re-
trieval by polyclonal antiserum to E1/E2, as described for Fig. 2. Data
shown represent the average and range of the results of 2 independent
experiments.
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Since the �20 deletion affects virion assembly (28), these
experiments were performed using BHK cells electroporated
with WT or �20 infectious viral RNA. Cells were pulse-labeled
and chased to allow envelope protein transport to the plasma
membrane (28). Cells were then incubated for 1 min at pH 5.5
in the presence of exogenous DIII proteins, and E1-DIII in-
teraction was assessed by coimmunoprecipitation. The �20 E1
protein reproducibly showed more efficient binding to exoge-
nous DIII than did the WT E1, while no significant retrieval
was observed using neutral pH treatment or DV DIII (Fig. 6).
We also tested the efficiency of fold-back of the endogenous
DIII, which might have been compromised by the stem dele-
tion. Pulse-labeled cells expressing the WT or �20 proteins
were treated at low pH in the absence of exogenous DIII to
trigger homotrimer formation. The cells were then incubated
with SFV DIII at neutral pH, and the amount of E1 interacting
with exogenous DIII was determined. The WT E1 showed no
interaction with DIII under these conditions, in agreement
with the full occupancy of the binding sites by endogenous DIII
during final hairpin formation. In contrast, the �20 mutant
showed retrieval levels that were �75% of those observed
when DIII was included in the initial treatment at low pH.
These results indicated that the stem deletion allowed efficient
formation of a stable core trimer but greatly decreased the
folding back of the endogenous DIII.

DIII interaction with the H230A ij loop mutant. The SFV
H230A mutant contains an alanine substitution of a highly
conserved histidine residue at E1 position 230 in the ij loop,
which lies adjacent to the fusion loop at the tip of domain II.
The H230A mutant is blocked in fusion and infection, but its
interaction with target membranes and the formation of
the SDS-and-trypsin-resistant homotrimer are comparable to
those seen with WT SFV (3). Thus, this mutant is blocked in a
late stage of the fusion pathway, which we hypothesize involves
a direct or indirect effect of H230A on the packing of the outer
trimer layer (DIII and stem) against the core trimer (3, 4). We
therefore set out to define these late steps in E1 H230A trim-
erization.

We used DIII binding to evaluate the ability of the H230A
mutant to form the extended intermediate. Radiolabeled WT
and H230A mutant virus were prebound to cells as described
above and treated at low pH in the presence of SFV DIII.
Retrieval of H230A E1 by DIII was comparable to that of WT
SFV, was low pH dependent, and did not occur with DV DIII
(Fig. 7A). Thus, the fusion block in H230A was not due to a
detectable defect in the formation of the DIII target.

We then used stem3, an antibody directed against the N-ter-
minal third of the stem region (29), to test the packing of the
stem to the core trimer of WT versus H230A E1 (Fig. 7B).
Viruses were prebound to cells and treated at low pH. Trypsin-
resistant E1 homotrimers were isolated and tested for reactiv-
ity with the stem3 antibody versus a polyclonal antibody to the
SFV envelope proteins. Both the WT and H230A mutant ho-
motrimers were poorly recognized by the stem3 antibody
(white bars), in keeping with this region of the stem being
packed tightly against the core trimer (29). The stem3 epitope
was present on both homotrimers, as shown by efficient stem3
recognition following SDS denaturation of the homotrimers
(black bars). Taken together, the current and previous data
suggest that the late-stage fusion block in H230A occurs sub-
sequent to formation of the core trimer, fold-back of E1 do-
main III, and packing of the N-terminal region of the stem.

DISCUSSION

Here we describe the properties of the E1 target for exog-
enous DIII. This fusion intermediate was rapidly generated
after low-pH-induced dissociation of the E2/E1 heterodimer
but without a detectable requirement for the virus-receptor
interaction or target membrane cholesterol. Binding of DIII
blocked lipid mixing of the virus and target membranes but did
not inhibit E1-membrane insertion. In the presence of excess
DIII, the E1 intermediate exhibited neither SDS nor trypsin
resistance, presumably reflecting a complete block in fold-back
of endogenous DIII. Previous in vitro experiments showed that
DIII binds to trimers of E1 DI/II proteins but not to monomers
(40). This agrees with the postfusion trimer structure, which
demonstrates packing of DIII into the groove formed between
two E1 proteins in the trimer (14). While it is possible that
dimers are generated during the core trimer assembly process,
our electron microscopy studies of DI/DII membrane interac-
tions have not detected dimers (40, 49). Thus, our current and
previous data strongly support the idea that the initial DIII
target is a membrane-inserted extended E1 trimer. As E1 re-
folds to the hairpin, exogenous DIII can bind to available sites

FIG. 6. A deletion in the E1 stem region inhibits the packing of
endogenous domain III. BHK-21 cells were electroporated with RNA
from WT (black bars) or �20 (gray bars) SFV and incubated at 37°C
for 6 h. The cells were pulse-labeled for 20 min and chased for 60 min
to allow transport of radiolabeled envelope proteins to the cell surface.
The cells were then treated at neutral or low pH for 1 min at 37°C in
the presence of 2 �M SFV or DV DIII. One set of samples was treated
at low pH in the absence of DIII and then subjected to a second
treatment at neutral pH in the presence of SFV DIII (see schematic).
Following these treatments, cells were lysed and E1 was retrieved by
the use of DIII-specific antibody as described for Fig. 2. Note that the
total E1 value includes both cell surface and intracellular E1, thus
accounting for the reduced retrieval compared to experiments per-
formed with purified virus. The data shown are a representative ex-
ample of the results of two independent experiments.
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until formation of the postfusion trimer is complete. The E1
extended intermediate was not detectable by assays for com-
pletely or partially folded-back trimers, which rely on the in-
creased stability of these conformations. Thus, our results are
also important in demonstrating that binding of exogenous
DIII can be used to follow this early fusion intermediate.

G91D fusion loop mutation. We used exogenous DIII as a
tool to define the E1 conformational changes in several previ-
ously described fusion-negative E1 mutants (summarized in
Fig. 8). The G91D mutation in the fusion loop blocks E1 at a
point following protein-membrane insertion (20, 25). While

the mutant protein responds to low pH, as evinced by its
reactivity with MAb E1a-1, no E1 trimerization is observed
using SDS resistance, trypsin resistance, or sucrose gradient
sedimentation assays (20). Here we showed that the G91D
mutant G91D E1 formed an extended prehairpin homotrimer
that bound exogenous DIII. In keeping with the lack of a
biochemically detectable postfusion homotrimer, G91D E1 did
not complete hairpin formation and remained an extended
intermediate available for interaction with exogenous DIII.
Unexpectedly, however, this G91D E1 intermediate was re-
versible, as shown by its capture when DIII was added during
a second low-pH pulse but not during a second incubation at
neutral pH. This appears to reflect the disassociation of the
G91D extended trimer during neutral pH incubation. Once
clamped by exogenous DIII, the trimer did not dissociate.

How might the G91D mutation destabilize or prevent the
progression of the extended trimer intermediate? Several key
contacts appear to promote this conformation and trimer for-
mation. In the center of the core trimer, residues D188 and
K176 on DII form a ring of salt bridges that link the E1
proteins (31, 32). At the membrane-distal end of the core
trimer, a network of interactions connects DI and the DI-DIII
linker (49). Indeed, in the absence of the linker, the core trimer
is unstable. Studies of a synthetic flavivirus fusion peptide
suggested that residues in the fusion loop can affect trimer
stability (35). Although G91D E1 inserts into target mem-
branes and forms the extended trimer, intratrimer interactions
of the fusion loops may be disrupted. It is also possible that
cooperative interfusion loop interactions normally help to sta-
bilize the core trimer and are disrupted in the mutant (40).
While we cannot distinguish among these possibilities at this
point, our data demonstrate an important role of the fusion
loops in trimer stability and the reversibility of the initial ex-
tended E1 trimer in the G91D mutant.

�20 stem mutation. The �20 stem deletion mutant inhibits
fusion but allows the formation of a trypsin-and-SDS-resistant
E1 homotrimer (28). Here we show that �20 E1 efficiently
produced the DIII-binding core trimer and that it was blocked
in a subsequent “partial hairpin” state. In this intermediate,
some DI-DIII linker and endogenous DIII had folded back
and stabilized the trimer, but DIII-binding sites remain open.
We could detect this intermediate because, following the low-
pH-induced refolding step, �20 E1 efficiently bound exogenous
DIII at neutral pH. This neutral pH binding of DIII to a
preformed core trimer target is also in agreement with our in
vitro studies (40). The �20 mutant helps to corroborate our
model for DIII inhibition, in which we proposed that exoge-
nous DIII binds to a mixed population of trimers with various
degrees of endogenous DIII packing and stability (27).

H230A ij loop mutation. The E1 H230A mutant refolds to
produce the SDS-and-trypsin-resistant homotrimer but is
blocked in a late and unidentified stage in the fusion reaction
(3). We showed here that E1 H230A was efficiently retrieved
by exogenous DIII and thus that formation of the core trimer
was similar to that seen with WT SFV. We then tested for
alterations in the packing of the stem against the core trimer.
Using a site-directed antibody (29), we showed that the N-ter-
minal stem region of the H230A mutant packed as efficiently as
that of WT E1. Taken together, our results suggest that the
H230A mutation may inhibit packing of the C-terminal stem-

FIG. 7. The fusion-block H230A mutation does not affect core
trimer formation or proximal stem packing. (A) Formation of the
target of SFV DIII binding in WT and H230A SFV. BHK cells were
incubated with radiolabeled WT SFV or H230A mutant on ice and
treated at low pH in the presence of exogenous DIII, and E1 was
retrieved by the use of DIII-specific antibody, all as described for Fig.
5A. The data shown are a representative example of the results of two
independent experiments. (B) Packing of the proximal stem region in
WT and H230A SFV. WT and H230A mutant viruses were prebound
to BHK cells on ice as described for panel A, treated for 1 min at pH
5.5 at 37°C, and adjusted to neutral pH. The cells were lysed and
digested with trypsin to remove monomeric E1 as described in Mate-
rials and Methods. The resultant E1 homotrimers were denatured with
SDS where indicated. Aliquots of the samples were precipitated with
polyclonal serum to E2/E1, antibody to the proximal stem region (29),
and control preimmune serum. The amount of retrieved E1 was ex-
pressed as a percentage of the total amount of E1 retrieved using the
polyclonal antiserum. Data shown represent the average and range of
the results of 2 independent experiments.
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transmembrane region in the final stage of refolding of the E1
homotrimer. This would be in keeping with H230A second-site
resuscitating mutations, which are in positions that could affect
stem packing (4). Alternatively, it is possible that H230A af-
fects the intertrimer interactions observed in electron micros-
copy studies of membrane-inserted E1 proteins (13, 40, 49). To
date, there is no direct evidence that these interactions play a
role in fusion. Further studies of the H230A mutant may be an
important tool in defining the roles of stem packing and co-
operative trimer interactions in the late stages of membrane
fusion.

Ordering alphavirus fusion intermediates. Exogenous DIII
binding provided a tool to define the fusion block in a series of
E1 mutants (this study and reference 32). These intermediates
can now be ordered to generate a refined model for the alpha-
virus fusion pathway (Fig. 8). Following dissociation of the
E2/E1 dimer at low pH, E1 monomers insert into the target
membrane. In support of this, the E1 D188K fusion block
mutant inserts into the target membrane but does not form the
core trimer and is unable to bind exogenous DIII (32). E1
monomers then associate to form an extended E1 trimer that
is initially reversible and represents the intermediate identified
by the G91D mutant. Fold-back of the linker and DIII regions
then occurs through the partial hairpin intermediate identified
by the �20 mutant. Hairpin formation continues with comple-
tion of packing of DIII and the stem region. Together with
possible intertrimer cooperative interactions, this refolding
drives the fusion reaction and completes formation of the final
postfusion conformation. While a number of mechanistic ques-
tions remain, this working model is a starting point for their
study.
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