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Alphaviruses such as Semliki Forest virus (SFV) are enveloped viruses whose surface is covered by an organized lattice composed
of trimers of E2-E1 heterodimers. The E1 envelope protein, a class II fusion protein, contains the hydrophobic fusion loop and
refolds to drive virus fusion with the endosome membrane. The E2 protein is synthesized as a precursor p62, whose processing
by furin primes the heterodimer for dissociation during virus entry. Dissociation of the E2-E1 heterodimer is an essential step
during low-pH-triggered fusion, while the dissociation of the immature p62-E1 dimer is relatively pH resistant. Previous struc-
tural studies described an “acid-sensitive region” in E2 that becomes disordered at low pH. Within this region, the conserved E2
H170 is in position to form a hydrogen bond with the underlying E1 S57. Here we experimentally tested the role of this interac-
tion in regulating dimer dissociation in mature and immature virus. Alanine substitutions of E1 S57 and E2 H170 destabilized
the heterodimer and produced a higher pH threshold for exposure of the E1 fusion loop and for fusion of the immature virus. E1
S57K or S57D mutations were lethal and caused transport and assembly defects that were partially abrogated by neutralization
of the exocytic pathway. The lethal phenotype of E1 S57K was rescued by second-site mutations at E2 H170/M171. Together, our
results define a key role for the E1 S57-E2 H170 interaction in dimer stability and the pH dependence of fusion and provide evi-
dence for stepwise dissociation of the E2-E1 dimer at low pH.

Alphaviruses are small enveloped plus-strand RNA viruses
generally transmitted by mosquito vectors (1). Some alpha-

viruses cause severe illnesses in humans, including arthritis and
fatal encephalitis, and are potential biodefense threats. For exam-
ple, the alphavirus Chikungunya virus (CHIKV) has recently
caused major human epidemics, infecting an estimated 7.5 mil-
lion people in countries surrounding the Indian Ocean (2, 3).
There are currently no vaccines or antiviral therapies available for
the alphaviruses, and molecular information on their entry mech-
anisms may provide new approaches to inhibit this key step in the
virus life cycle.

The alphavirus membrane is covered by a symmetrical lattice
composed of the envelope glycoproteins E1 and E2, arranged in
trimers of E2-E1 heterodimers (4, 5) (Fig. 1A). E1, the membrane
fusion protein, is an elongated molecule containing 3 �-sheet-rich
domains (DI to DIII), with the conserved hydrophobic fusion
loop at the membrane distal tip (6, 7). E2 contains 3 �-barrel
domains, consisting of the central A domain linked by a �-ribbon
connector to the membrane-distal B domain and the membrane-
proximal C domain (8, 9). On the virus particle, E2 covers most of
E1, with the fusion loop clamped in the groove between E2 do-
mains A and B. During entry, E2 binds to receptors on the cell
surface to mediate virus internalization by clathrin-mediated en-
docytosis (10, 11). The low pH of the endosome then triggers
conformational changes in which the E2-E1 dimers dissociate, the
hydrophobic E1 fusion loop inserts into the endosome mem-
brane, and E1 forms extended homotrimers connecting the viral
and cellular membranes (Fig. 1A) (reviewed in reference 11). E1
then refolds into a postfusion hairpin-like structure, thus driving
virus membrane fusion (12).

E2 is initially synthesized as a precursor p62, which dimerizes
with E1 in the endoplasmic reticulum (ER) and is required for
proper folding of E1 (1). p62 is cleaved by furin late in the secre-
tory pathway to produce the mature E2 protein and a smaller
protein, E3 (13). The virus buds from the plasma membrane, and

E3 is released at the neutral pH outside the cell (14). The pH
threshold for fusion of the mature E2-containing Semliki Forest
virus (SFV) is �6.2 (15). In contrast, immature p62-containing
SFV requires a pH of �5.0 or lower to trigger fusion and infection
(13, 16, 17). This differential pH sensitivity is due to the differen-
tial acid stabilities of the alphavirus p62-E1 and E2-E1 het-
erodimers, which must dissociate to free the E1 protein for fusion
(16, 18).

The steps in low-pH-mediated heterodimer dissociation and
the role of specific residues in regulating dimer stability are un-
clear. The Sindbis virus E2-E1 dimer was crystallized at pH 5.6 (8),
while the CHIKV E2-E1 dimer (and associated E3) was crystal-
lized at pH 8.0 (9). Comparison of these heterodimer structures
reveals that at low pH, E2 domain B and about half of the �-ribbon
connector are disordered. This suggests that an early intermediate
in heterodimer dissociation is the movement of E2 domain B to
“uncap” the E1 fusion loop (Fig. 1A). The missing “acid-sensitive
region” of the flexible �-ribbon connector contains E2 H170,
which is positioned to form a hydrogen bond with the underlying
E1 S57 (9) (Fig. 1B). Both of these residues are well resolved in the
dimer structure and are highly conserved among alphaviruses (9).
In addition, the structure of the p62-E1 dimer suggests that the
tethered E3 acts to clamp the acid-sensitive region of the connec-
tor in place, producing the increased acid stability of the immature
dimer (9). Mutations in the E2 acid-sensitive region can rescue the
infectivity of p62-containing virus (reviewed in reference 9) and
can promote the production of Chikungunya virus-like particles
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(19). However, the role of interactions of the E2 acid-sensitive
region with E1 during fusion loop uncapping, dimer dissociation,
and subsequent conformational changes has not been examined.

Here we evaluated the function of the E1 S57-E2 H170 inter-
action using single and double alanine substitutions of these resi-
dues in an SFV infectious clone. These mutations destabilized the
envelope protein heterodimer, producing a higher pH threshold
for uncapping of the E1 fusion loop and increasing virus growth in
furin-deficient cells. Replacement of E1 S57 with bulky charged
lysine or aspartic acid residues blocked virus assembly. Revertants
of the E1 S57K and S57D mutants revealed that virus viability
could be rescued by mutations at E2 H170/M171, thus defining
the key interaction of these regions of E1 and E2 in the function of
the alphavirus heterodimer.

MATERIALS AND METHODS
Cells and viruses. BHK-21 cells were maintained in complete BHK me-
dium (Dulbecco’s modified Eagle medium containing 5% fetal bovine
serum, 10% tryptose phosphate broth, 100 U penicillin/ml, and 100 �g
streptomycin/ml) at 37°C. The furin-deficient FD-11 CHO cell line and its
parental cell line, CHO-K1, were kindly provided by Stephen H. Leppla at
the National Institutes of Health and were cultured in �-minimal essential
medium containing 10% fetal bovine serum, 100 U penicillin/ml, and 100
�g streptomycin/ml at 37°C (20).

Site-directed mutagenesis using the DG-1 and XYZ-1 subgenomic
plasmids was performed as previously described (13, 21). In brief, the E1
S57A, S57K, and S57D mutations were introduced into DG-1 by circular
mutagenesis using PrimeSTAR HS DNA polymerase (TaKaRa Bio Inc.,

Madison, WI). The mutated NsiI-SpeI fragments were subcloned into the
pSP6-SFV4 infectious clone (22). The E2 H170A mutation was intro-
duced into the XYZ-1 subgenomic plasmid (13). The E1 S57A-E2 H170A
double mutant was constructed using the XYZ-1-containing E2 H170A as
the template. Sequence analysis was used to confirm the sequence of the
mutated region and the absence of other mutations in the structural pro-
teins (Genewiz Inc., North Brunswick, NJ). Infectious RNAs were gener-
ated by in vitro transcription and electroporated into BHK-21 cells to
produce virus infection or generate virus stocks (22). All plaque assays
were performed on BHK cells. The resultant wild-type (WT) or mutant
virus stocks showed similar titers, indicating similar efficiencies of particle
production. No differences in the stability of the mutant virus stocks at
37°C were observed, although this point was not extensively tested.

[35S]methionine-cysteine-labeled virus was prepared by infecting
BHK-21 cells with 50 PFU/cell of WT or E1 S57A-E2 H170A virus. Radio-
labeled virus was purified on sucrose gradients as previously described
(21).

Fusion-infection assay. Appropriate dilutions of mature or immature
viruses were adsorbed to BHK-21 cells on ice. Fusion with the plasma
membrane was triggered by treatment of the prebound virus for 3 min at
37°C with media at the indicated pH. Cells were then cultured at 28°C
overnight in media containing 20 mM NH4Cl to prevent secondary infec-
tion, and virus-infected cells were quantitated by immunofluorescence as
described previously (23). The ratios of the virus titers at the maximal pH
for fusion versus the titers derived by plaque assays were essentially equiv-
alent (0.95 to 1.01), suggesting that the overall efficiencies of fusion of the
WT and the three alanine mutants were similar.

pH dependence of dimer dissociation. 35S-labeled WT or E1 S57A-E2
H170A mature viruses were diluted in morpholineethanesulfonic acid
(MES)-saline buffer (pH 8.0) containing 0.1% bovine serum albumin
(BSA). For coimmunoprecipitation analysis, samples were treated at the
indicated pH for 10 min on ice, solubilized with 1% Nonidet P-40 (NP-
40) for 10 min on ice, and adjusted to pH 8.0 (18). Samples were immu-
noprecipitated with monoclonal antibodies (MAb) to E1 (E1-1) or E2
(E2-3) (24, 25). For tests of fusion loop exposure, samples were preincu-
bated at 37°C for 3 min, adjusted to the indicated pH, and incubated at
37°C for an additional 5 min. Samples were adjusted to neutral pH and
immunoprecipitated with MAb to the E1 fusion loop (MAb E1f) as de-
scribed previously (26). All samples were analyzed by SDS-PAGE and
quantitated by PhosphorImager analysis using ImageQuant version 1.2
software (Molecular Dynamics, Sunnyvale, CA).

Virus assembly assays. Pulse-chase assays were used to evaluate virus
assembly (21). BHK-21 cells were electroporated with either WT RNA or
mutant RNA or infected with WT or mutant virus at 1 PFU/cell. After a
6-h incubation at 37°C, the infected cells were pulse-labeled with [35S]me-
thionine-cysteine (PerkinElmer) for 30 min and chased in media without
label. At the indicated times, the cell lysates and chase media were col-
lected and analyzed by immunoprecipitation with a polyclonal antibody
to the envelope glycoproteins. In order to recover intact virus particles,
medium samples were precipitated in the absence of detergent. Samples
were analyzed by SDS-PAGE and phosphorimaging. To determine if E1
was being trafficked to the Golgi compartment, endoglycosidase H (Endo
H; New England BioLabs) digestions were performed. Lysate samples
from the 0- and 1-h time points were digested with Endo H for 90 min at
37°C in 50 mM citrate buffer at pH 5.50 (25).

Immunofluorescence and pulse-chase assays of NH4Cl-treated
cells. BHK-21 cells were electroporated with WT or mutant RNA, incu-
bated at 37°C for 2 h, and cultured in media � 20 mM NH4Cl for �14 h
at 37°C. Cells were fixed in 3% paraformaldehyde and stained with MAb
E1-1. Alternatively, 4 h after the transfer to medium � 20 mM NH4Cl,
cells were pulse-labeled with [35S]methionine-cysteine for 30 min and
then incubated in chase medium for 4 h at 37°C, all � 20 mM NH4Cl, as
indicated. Viral proteins released during the chase were analyzed as de-
scribed above.

FIG 1 Model for low-pH-triggered conformational changes in the E2/E1
dimer. (A) Schematic model for conformational changes in the E2/E1 het-
erodimer. (Left panel) During virus biosynthesis, p62, the precursor to E2, is
cleaved by furin in the late secretory pathway, allowing E3 release at neutral
pH. (Middle panel) During virus entry, exposure to endosomal low pH causes
E2 domain B to dissociate (shown as curved arrow), uncovering the E1 fusion
loop. (Right panel) The fusion loop inserts into the endosomal membrane, and
E1 forms an extended homotrimer. E2 is shown in red with domains A to C
indicated and the beta-ribbon connector in pink, E3 is shown in gray, and E1
is shown in blue with domains I to III indicated and the fusion loop in orange.
(B) A closeup view of the crystal structure of the CHIK p62/E1 dimer (Protein
Data Bank [PDB] entry 3N41) (9) with the proteins colored as described for
panel A. E1 S57 and E2 H170 are labeled and represented as sticks in blue and
purple, respectively. This figure was prepared using Pymol (47).
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Isolation of E1 S57K and E1 S57D revertants. E1 S57K and E1 S57D
viral RNAs were electroporated into BHK-21 cells. Electroporated cells
were mixed with nonelectroporated cells at various ratios and the cells
cultured at 37°C for 4 days, when cytopathic effects were observed. Virus
was plaque purified from the culture media, amplified on BHK cells for 24
h at 37°C, and pelleted by ultracentrifugation. Viral RNA was extracted
and reverse transcribed, and the cDNA was sequenced as previously re-
ported (27).

RESULTS
Generation and characterization of SFV E1 S57 and E2 H170
mutants. Mutagenesis of the SFV infectious clone was used to
characterize the role of the alphavirus E1 S57-E2 H170 interac-
tion. The serine and histidine residues were each changed to ala-
nine to produce the single mutants E1 S57A and E2 H170A and the
double mutant E1 S57A-E2 H170A. Viral RNAs were transcribed
in vitro and electroporated into BHK cells to characterize mutant
phenotypes.

Immunofluorescent staining showed that all three mutants ef-
ficiently expressed the E1 and E2 proteins on the cell surface and
caused secondary infection of cocultured nonelectroporated BHK
cells (data not shown). We generated virus stocks in BHK cells and
compared mutant and WT virus growth kinetics on control and
furin-deficient CHO (FD11) cells. Cells were infected at a low
multiplicity of infection (MOI) to allow evaluation of multiple
cycles of infection. FD11 cells produce the immature p62 form of
the virus, which can be efficiently quantitated by plaque assays on
BHK cells due to cleavage by furin during entry (13). This system
was previously used to select for and define mutations that com-
pensate for the lack of p62 processing (13, 28, 29).

The mutants showed growth kinetics in control CHO cells sim-
ilar to the kinetics seen with the WT virus (Fig. 2A). In contrast, all
3 mutant viruses had a growth advantage in FD11 cells (Fig. 2B).
While the mutant viruses produced only slightly higher titers than
the WT at early time points in infection, after 20 h, all mutants
showed a strong growth advantage, with maximal titers 1 to 2 logs
higher than that of WT. These results suggest that the mutations
compensated for the more acid-stable p62-E1 dimer produced in
FD11 cells, allowing more efficient secondary infection.

pH dependence of WT and mutant membrane fusion. A pos-
sible cause of the growth advantage of the mutants in the imma-
ture p62 form is a change in the pH threshold of fusion. This was
directly tested using fusion-infection assays of WT and mutant
viruses in the mature and immature forms. Viruses were pre-
bound to BHK-21 cells in the cold to prevent endocytosis and then
treated at low pH for 3 min at 37°C to trigger fusion at the plasma
membrane. Infected cells were quantitated by immunofluores-
cence. The mature forms of WT and the 3 mutants showed similar
fusion activities, with maximal fusion at pH 6.0 (Fig. 3A). As pre-
viously observed, immature WT SFV showed maximal fusion at
pH 4.5 and a fusion pH threshold of �4.9 (Fig. 3B) (13, 29). While
the mutants also showed maximal fusion at pH 4.5, they showed
dramatic increases in fusion efficiency at higher pH values. The
double mutant, E1 S57A-E2 H170A, had the strongest phenotype,
showing 75% maximal fusion at pH 5.3.

pH dependence of dimer dissociation and E1 fusion loop ex-
posure. We hypothesized that the E1 S57 and E2 H170 mutations
act by destabilizing the p62/E2-E1 heterodimer, thus facilitating
virus fusion. We tested this model in the mature virus, using pu-
rified 35S-labeled WT and mutant viruses to evaluate the pH de-
pendence of E2-E1 dimer dissociation. Radiolabeled virus was

treated at various pH values on ice, solubilized in nonionic deter-
gent, and adjusted to pH 8.0. Coimmunoprecipitation of the gly-
coproteins was used to monitor dimer dissociation. As previously
observed, the WT heterodimer was efficiently immunoprecipi-
tated after treatment at pH 8.0 to 7.0, and dissociation was ob-
served after treatment at pH 6.5 to 6.0 (Fig. 4A). The E1 S57A-E2
H170A dimer was significantly destabilized, and only �15% of E2
was coprecipitated with an E1 MAb even after treatment at pH 8.0
(Fig. 4A). Similar results were observed when the coprecipitation
was performed with an E2 MAb (data not shown).

Based on the crystal structure of the E2/E1 dimer, it is proposed
that an early step in fusion is the dissociation of the acid-sensitive
region, allowing the movement of E2 domain B to expose the E1
fusion loop (8, 9). To determine the role of the E1 S57-E2 H170
interaction in this process, we carried out immunoprecipitations
of virus particles with MAb E1f against the E1 fusion loop (Fig. 4B)
(26). In WT virus, exposure of the E1 fusion loop showed a pH
threshold of �6.0 and was maximal at pH 5.5. In contrast, the E1
S57-E2 H170 double mutant showed significant exposure of the
E1 fusion loop even at pH 8, and maximal exposure at pH 6. Our
data thus indicate that the E1 S57-E2 H170 interaction is impor-
tant in controlling the early stages of dimer dissociation during
membrane fusion.

Characterization of E1 S57K and E1 S57D mutants. We ex-
tended our study by generating two additional substitutions for E1
S57, S57K and S57D. We hypothesized that the positively charged
lysine in the E1 S57K mutant might destabilize the dimer even
more drastically whereas the negatively charged aspartic acid in

FIG 2 Growth kinetics of WT and mutant SFV on CHO and FD11 cells.
Control (A) and FD11 furin-deficient (B) CHO cells were infected with WT or
mutant viruses at a multiplicity of infection of 0.01 PFU/cell for 90 min at
37°C. After infection, cells were washed twice with serum-free media. At the
indicated time postinfection, the virus secreted into the media was collected
and the titer was determined by plaque assay on BHK cells. Data represent the
results of 2 independent experiments.
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the E1 S57D mutant might significantly stabilize the dimer by
formation of a salt bridge with E2 H170. Initial characterization
showed that neither virus mutant caused secondary infection, and
that the mutations inhibited cell surface expression of the E1 but
not the E2 envelope protein in infected cells (data not shown).
While cell surface transport and assembly of some alphavirus mu-
tants can be rescued by incubation at 28°C (30, 31), these condi-
tions did not rescue E1 S57K or E1 S57D secondary infection or E1
transport (data not shown).

Pulse-chase assays of infected cells were used to define the E1
S57K and E1 S57D transport defects. Results for the mutants were
identical, and data for E1 S57K are shown in Fig. 5. Production of
mutant virus particles was blocked (Fig. 5A). After a 1-h or 4-h
chase, the E2 protein in mutant-infected cells migrated more
slowly than that in WT-infected cells. Digestion with N-glycosi-
dase F demonstrated that this difference was due to aberrant E2
glycosylation (data not shown), as previously observed for SFV
mutants with impaired E1 transport (32). WT E1 became resistant
to Endo H digestion after a 1-h chase, reflecting the traffic of E1 to
the medial Golgi compartment (Fig. 5B). In contrast, the mutant

E1 proteins remained sensitive to Endo H digestion, suggesting
that E1 transport was blocked prior to the medial Golgi compart-
ment. In keeping with previous studies, the WT and mutant E2
proteins remained Endo H sensitive due to retention of a high-
mannose carbohydrate chain (33).

Ammonium chloride treatment of E1 S57K- and E1 S57D-
infected cells. We hypothesized that the lack of cell surface expres-
sion of the mutant E1 proteins might reflect the loss of E1’s pH
protection due to disruption of heterodimer interactions. We
therefore tested the effect of neutralization of the secretory path-
way by adding NH4Cl to the culture medium 2 h after electropo-
ration of BHK-21 cells with viral RNA. E1 surface expression was
significantly rescued in E1 S57K-infected cells, but not detectably
increased in E1 S57D-infected cells (Fig. 6A). Pulse-chase analysis
showed that NH4Cl treatment decreased production of WT virus
particles (Fig. 6B), in keeping with the known effects of NH4Cl on
protein secretion (34, 35). Mutant virus particle production was
not rescued by NH4Cl treatment of either E1 S57K- or E1 S57D-

FIG 3 pH dependence of fusion of WT and mutant SFV. Mature, E2-contain-
ing virus produced by BHK cells (A) and immature, p62-containing virus
produced by FD11 cells (B) were adsorbed to BHK cells on ice. Virus-plasma
membrane fusion was triggered by treatment at the indicated pH at 37°C for 3
min. Virus-infected cells were then quantitated by immunofluorescence and
the results shown as the percentage of maximal fusion for each virus. Entry via
endocytosis is low under these conditions, as shown by pH 7.0 controls (see,
e.g., panel A). Data represent averages and standard deviations of the results of
3 independent experiments. In Fig. 3B, the difference in the percentage of
fusion between WT and E1 S57A-E2 H170A was statistically significant from
pH 4.7 to 5.3, and between WT and the mutants E1 S57A and E2 H170A from
pH 4.7 to 5.1 (P � 0.05 using a two-tailed t test).

FIG 4 pH dependence of WT and S57A-H170A dimer dissociation. (A) Pu-
rified 35S-labeled WT or S57A-H170A virus was treated at the indicated pH
values for 10 min on ice. Samples were solubilized in 1% NP-40, adjusted to pH
8.0, and immunoprecipitated using MAb to E1. Samples were analyzed by
SDS-PAGE and quantitated by phosphorimaging. The ratio of E2 signal to E1
signal was determined for each pH point and represented as percentage of E2
coprecipitated. Data represent averages and ranges of the results of 2 indepen-
dent experiments. (B) Purified 35S-labeled WT (black bars) or S57A-H170A
(white bars) virus was treated at the indicated pH for 5 min at 37°C. Samples
were adjusted to neutral pH and immunoprecipitated with MAb to the E1
fusion loop. Samples were analyzed by SDS-PAGE and quantitated by phos-
phorimaging and the results shown as the percentage of maximal immunopre-
cipitation (ranging from 50% to 80% of total E1). Data represent averages and
standard deviations of the results of 3 independent experiments. The differ-
ence in immunoprecipitation between the WT and E1 S57A-E2 H170A was
statistically significant at pH 8, 7, and 6 (P � 0.05 using a two-tailed t test).
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infected cells (Fig. 6B). However, a soluble truncated form of E1
(E1s) was released from NH4Cl-treated mutant-infected cells. E1s
is produced in cells in which budding is inhibited and/or the
E2-E1 dimer is destabilized (31, 36, 37). Production of E1s can

occur after E1 delivery to the cell surface and requires E1’s exit
from the ER (36). Thus, taken together, our data suggest that
neutralization of exocytic pH promotes transport of the mutant
E1 proteins but that heterodimer interactions remain insufficient
to support efficient virus budding.

Isolation of E1 S57K and E1 S57D revertants. To obtain in-
formation about the permissible interactions in the E1 S57 region,
we selected for revertants that rescued the lethal phenotype of the
E1 S57K and E1 S57D mutants (Table 1). Note that these rever-
tants include pseudorevertants at E1 position 57 and second-site
revertants; we refer to them generally here as revertants.

Four distinct revertants were isolated from E1 S57D-infected
cells. In each case, E1 D57 mutated to alanine or glycine via a single
nucleotide change, with some revertants containing additional
second-site mutations. As discussed above, the E1 S57A mutant
efficiently assembled and caused secondary infection. Similarly,
all of the glycine revertants showed efficient growth kinetics with
maximal titers similar to that seen with the WT, and growth was
not affected by the second-site mutations E1 Q196H and E1
D109Y (data not shown).

Eight distinct revertants were isolated from E1 S57K-infected
cells. These included E1 S57A, as observed above, and a true re-
vertant containing the original E1 S57 residue. K57 also changed
to glutamine or asparagine, either of which can hydrogen bond
with histidine. Two of the asparagine revertants also contained
single second-site mutations in E2, S1I, or H170Y. Importantly, a
single revertant maintained the E1 K57 mutation but acquired 2
second-site mutations in E2, H170Y plus M171T. Growth and
fusion studies of the glutamine revertant showed that it had prop-
erties similar to those of the WT virus (data not shown). In con-
trast, growth curves showed that the maximal titers of revertants
E1 S57N-E2 S1I and E1 S57N-E2 H170Y were �2 logs lower than
that of the WT, while those of revertants E1 S57N and E2 H170Y
plus M171T were �3.5 logs lower than that of the WT (data not
shown). We therefore focused on characterizing the phenotypes
of the asparagine and E2 H170Y-plus-M171T revertants.

Maturation and fusion properties of revertants. The rever-
tant E1 S57N-E2 S1I contains a second-site mutation at position
�1 of the furin cleavage site. A serine at this position was shown to
promote furin processing in Sindbis virus, while an isoleucine

FIG 5 Assembly properties of S57K virus. BHK cells were electroporated with
WT or mutant viral RNA and incubated at 37°C for 6 h. The cells were then
pulse-labeled for 30 min with [35S]methionine-cysteine and chased for the indi-
cated times at 37°C. (A) The cell lysates and media were immunoprecipitated with
a polyclonal antibody to the envelope glycoproteins and analyzed by SDS-PAGE.
(B) After immunoprecipitation, an aliquot of the lysates was digested with en-
doglycosidase H as indicated. p62=, E2=, and E1= indicate the positions of the pro-
tein after Endo H digestion. Data represent the results of 2 independent experi-
ments.

FIG 6 Effect of neutralization of the exocytic pH on S57K- and S57D-infected
cells. (A) BHK cells were electroporated with WT or mutant viral RNA and incu-
bated at 37°C for 2 h. Medium without (a to c) or with (d to f) 20 mM ammonium
chloride was then added to the cells and the incubation continued for an additional
12 h. Cells were then fixed with paraformaldehyde without permeabilization, and
indirect immunofluorescence staining was performed with MAb to E1. Fluores-
cence microscopy images were acquired with the same exposure time. Data rep-
resent the results of 3 independent experiments. Bar � 10 �M. (B) Two hours
postelectroporation, medium with or without 20 mM ammonium chloride was
added to WT or mutant-infected cells. After 4 h at 37°C, the cells were pulse-
labeled for 30 min and incubated in chase medium � 20 mM NH4Cl for an
additional 4 h at 37°C. Chase media were immunoprecipitated with a polyclonal
antibody to the envelope glycoproteins in the absence of detergent, and analyzed
by SDS-PAGE. Bands labeled with an asterisk represent E1s, a truncated form of
E1. Data represent the results of 3 independent experiments.

TABLE 1 S57D and S57K revertants

Revertant group S57 residue Second site(s)

No. of
independent
isolates

S57D revertants A None 2
G None 2
G E1 Q196H 1
G E1 D109Y 1

S57K revertants Q None 6
A None 1
S None 1
Sa None 1
N None 2
N E2 S1I 1
N E2 H170Y 1
K E2 H170Y, M171T 1

a Two independent serine revertants were isolated, each with distinct codon changes
that differed from the WT virus sequence.
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inhibited processing (38). Pulse-chase analysis was used to test the
p62-processing phenotype of all three E1 S57N revertants plus the
E2 H170Y-plus-M171T revertant (Fig. 7). Processing of p62 was
undetectable for the E1 S57N-E2 S1I revertant, whereas WT SFV
and the other three revertants showed efficient processing. We
then determined the pH dependence of virus fusion for these re-
vertants (Fig. 8). WT SFV had a pH threshold of �6.0 and showed
decreased fusion below pH 6.0 due to acid inactivation. The pH
thresholds of the E1 S57N and E1 S57N-E2 H170Y revertants were
similar to that of the WT, suggesting that dimer stability was re-
stored in these revertants. In contrast, the E1 S57N-E2 S1I rever-
tant had a strongly acid-shifted phenotype, with maximal fusion
at pH 5.5 and more than 50% fusion seen at a pH as low as 4.5. This
phenotype is in keeping with the p62 processing defect in this
revertant. The E2 H170Y-plus-M171T revertant showed a pH
threshold of 5.5 and maximal fusion at pH 5.0. Thus, even in the
presence of the E1 S57K substitution, the second-site mutations in
the E2 protein of this revertant stabilize the E2-E1 dimer to pro-
duce a fusion threshold lower than that of WT virus.

DISCUSSION

Together, our studies delineate the important role of the E1 S57-E2
H170 interaction in the low-pH-mediated regulation of alphavirus
fusion. Alanine substitutions of these residues destabilized the E2-E1
heterodimer in coimmunoprecipitation assays, and produced a more
basic pH threshold for exposure of the E1 fusion loop on mature virus
particles. These mutations also appear to destabilize the immature
p62-E1 heterodimer, as evinced by an increased efficiency of infection
and a more basic pH threshold for fusion. The more radical E1 sub-
stitutions S57K and S57D blocked E1 transport to the cell surface and
virus assembly. The E1 transport block could be partially overcome
by NH4Cl treatment, although virus particle production was still in-
hibited. The lethal E1 S57K mutation could be rescued by second-site
mutations at E2 H170/M171, confirming the key role of the E1
S57-E2 H170 interaction.

Role of the E2-E1 dimer during alphavirus biogenesis. The
structure of the p62-E1 heterodimer reveals extensive interactions of
E2 along the length of E1 DII, with the E1 fusion loop clamped in the
groove between E2 domains A and B (9). There are also extensive
interactions at the membrane-proximal side of the heterodimer. In
particular, the stem region of E1 interacts with E2 through insertion
of a strand into E2 domain C (9), and cryo-electron microscopy stud-

ies showed that the transmembrane anchors of the envelope proteins
associate closely within the virus membrane (39, 40). These various
dimeric interactions help to promote the folding and transport of E1,
prevent its premature triggering, and mediate the assembly of the
dimer into the virus particle (reviewed in references 1, 11, and 14).
Processing of p62 severs the furin linker that tethers E3 to E2 and thus
allows E3 release at neutral pH (14), but p62 maturation does not
cause other significant changes in the overall heterodimer structure
or interactions (9).

Our data underscore the multiple roles of p62/E2 during the reg-
ulation and biogenesis of the E1 protein. The E1 S57-E2 H170 inter-
action was important in both the immature and mature heterodimer,
affecting the low-pH dependence of dimer dissociation and of fusion.
The relatively drastic E1 S57K and S57D substitutions blocked trans-
port of E1 to the plasma membrane. We hypothesized that these
more disruptive amino acid changes led to the loss of the pH protec-
tion p62 normally provides to E1. This model was supported by the
restoration of surface expression of E1 protein and the secretion of
E1s observed in NH4Cl-treated cells. Nonetheless, virus production

FIG 7 p62 processing of S57K revertants. BHK cells were infected with WT or
mutant virus at a multiplicity of infection of 1 PFU/cell for 90 min at 37°C.
After a 5-h incubation, cells were pulse-labeled for 30 min with [35S]methio-
nine-cysteine and chased for 0 (A) or 1 (B) h. Cell lysates were immunopre-
cipitated with a polyclonal antibody to the envelope glycoproteins and ana-
lyzed by SDS-PAGE. Revertants are referred to by the amino acid in the wt SFV
sequence, its position, and the revertant amino acid replacement. Data repre-
sent the results of 2 independent experiments.

FIG 8 pH dependence of fusion of S57K revertant viruses. Virus stocks were
produced in BHK cells. Serial dilutions of virus were adsorbed to BHK cells for
90 min on ice. Virus-plasma membrane fusion was triggered by treatment at
the indicated pH at 37°C for 3 min. Virus-infected cells were then quantitated
by immunofluorescence and the results shown as the percentage of maximal
fusion for each virus. Data represent averages and standard deviations of the
results of 3 independent experiments.
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was not rescued by NH4Cl treatment, suggesting that while the mu-
tant E1 was able to escape low-pH inactivation, its dimer interactions
were still insufficient to support virus assembly.

Revertant analyses. We then asked if same-site or second-site
mutations could rescue the pH protection and assembly defects of
the E1 S57D and S57K mutants (Table 1). All of the S57D rever-
tants contained single nucleotide changes that replaced the aspar-
tate with either alanine or glycine. Although these small apolar
residues cannot form hydrogen bonds, our results with both E1
S57A and E1 S57G indicate that they are well tolerated at this
position. The S57K revertants were more varied, probably due to
the requirement for at least two nucleotide changes for reversion
of K to S, G, or A. We isolated two true revertants containing the
parental S57 residue. Ten pseudorevertants mutated the lysine to
glutamine or asparagine, each of which can act as a donor or
acceptor to form a hydrogen bond with histidine. These results
indicate that steric matching at this position is not required, since
both Q and N are considerably larger than the parental S. Influ-
ences of the side-chain rotamer also probably play an important
role in determining the efficacy of substitutions at this E1-E2 in-
terface. The Q revertant had growth and fusion properties similar
to those of the WT and was independently isolated 6 times. The N
revertant grew significantly less efficiently than the WT, although
it had only a slightly lower pH dependence for fusion. These re-
sults suggest that the E1 N57-E2 H170 interaction may stabilize
the dimer more strongly than the E1 S57-E2 H170 interaction, but
it may also have other effects during virus fusion or biogenesis.
The E1 N57 revertant was also isolated along with the E2 second-
site mutation S1I or H170Y. The E2 S1I mutation inhibited p62
cleavage and caused a further acid shift in the pH threshold for
fusion. The E1 S57N-E2 H170Y revertant showed a fusion pH
dependence similar to that of the WT, although previous results
had indicated that the E1 S57-E2 Y170 pair could destabilize the
immature heterodimer (29). In combination with E1 S57N, either
the E2 S1I or E2 H170Y mutation promoted virus growth that was
more efficient than that seen with E1 N57 alone. Thus, the E1 N57
mutation may have arisen first and caused partial rescue, followed
by acquisition of the E2 S1I or E2 H170Y mutation.

We isolated one true second-site revertant containing both E1
K57 and the E2 mutations H170Y and M171T. This revertant grew
less efficiently than the WT, and its pH threshold for fusion was
shifted to �5.5. This increased acid stability may have been due to
the formation of a hydrogen bond between E1 K57 and the ty-
rosine at E2 position 170, or to alternative interactions, such as
cation-	 or hydrophobic interactions between these two residues.
Structural studies indicate that the methionine at position 171 in
E2 has van der Waals contacts with residues in E3 and points away
from E1, suggesting that a threonine at this position is not likely to
interact directly with E1 (9).

Stages of alphavirus low-pH-dependent conformational
changes. Even when detailed structural information is available,
the identification of specific residues involved in the low-pH de-
pendence of protein conformational changes is often complex (re-
viewed in reference 41). In the case of alphaviruses, a series of
low-pH-triggered conformational changes occurs, starting with
dissociation of the E2-E1 heterodimer. Our results support a
model in which the dimer is optimally stabilized by a hydrogen
bond between E1 S57 and E2 H170, while the absence of this
interaction affects the movement of the �-ribbon connector and
E2 domain B, and thus changes dimer stability and the pH depen-

dence of E1 fusion loop exposure (8, 9). Note, however, that the
control of heterodimer dissociation (and of fusion) is clearly more
complicated than this single interaction. For example, our engi-
neered E1 S57A-E2 H170A mutations abrogated the hydrogen
bond but produced a change in pH dependence only when p62
cleavage was blocked. The E1 S57N-E2 H170Y revertant had pH
dependence for fusion comparable to that of WT SFV, although its
reduced growth showed that these substitutions decreased viral
fitness. Which other residues might affect the pH-sensitive inter-
actions between E2 and E1? Although their amino acid positions
are not conserved among alphaviruses, histidine residues are en-
riched in the interfaces between E2 and E1, particularly around the
fusion loop and membrane-proximal contact sites (8, 9). In addi-
tion, the interactions of other residues can also be pH sensitive in
this range (reviewed in references 41 and 42). Thus, while our
results support the idea of a role for E1 S57 and E2 H170 in the
initial uncapping of the E1 fusion loop, they also suggest addi-
tional steps in the overall heterodimer conformational change.

The E1 fusion protein independently requires low pH to in-
duce the conformational changes involving its membrane inter-
action and trimerization (43, 44). Despite their locations in re-
gions of E1 known to rearrange during trimerization (7), alanine
substitutions of E1 H125, H133, and H333 did not produce sig-
nificant effects on the pH dependence of fusion (45). In contrast,
a conserved H3 histidine on E1 DI plays an important role in the
pH dependence of the E1 refolding reaction. E1 H3 is part of a
network of interactions between residues in DI and the DI-DIII
linker region, helping to drive the formation of the postfusion
trimer (46). Thus, even when the dimer is destabilized, E1’s pH
dependence probably compensates for this misregulation and
helps to prevent fusion at neutral pH.

Here, our results indicate that several potential hydrogen bond
pairs can substitute for the important interaction between E1 S57
and E2 H170. In the overall life cycle of the virus, however, the
highly conserved serine-histidine pair has apparently been evolu-
tionarily selected to provide the right balance of dimer stability.
The heterodimer needs to be optimized to permit the complex to
fold and assemble correctly, and to promote the conformation of
the dimer needed for budding. Conversely, the dimer needs to be
able to readily dissociate once it reaches the low pH of the endo-
some during entry. This dissociation process is complex and in-
volves both the E1 S57-E2 H170 bond and additional interactions
that may regulate the rearrangements of both proteins on the
highly organized virus particle during fusion.
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