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Alphaviruses are small enveloped viruses whose surface is covered by spikes composed of trimers of E2/E1 glycoprotein het-
erodimers. During virus entry, the E2/E1 dimer dissociates within the acidic endosomal environment, freeing the E1 protein to
mediate fusion of the viral and endosome membranes. E2 is synthesized as a precursor, p62, which is cleaved by furin in the late
secretory pathway to produce mature E2 and a small peripheral glycoprotein, E3. The immature p62/E1 dimer is acid resistant,
but since p62 is cleaved before exit from the acidic secretory pathway, low pH-dependent binding of E3 to the spike complex is
believed to prevent premature fusion. Based on analysis of the structure of the Chikungunya virus E3/E2/E1 complex, we hy-
pothesized that interactions of E3 residues Y47 and Y48 with E2 are important in this binding. We then directly tested the in vivo
role of E3 in pH protection by alanine substitutions of E3 Y47 and Y48 (Y47/48A) in Semliki Forest virus. The mutant was nonvi-
able and was blocked in E1 transport to the plasma membrane and virus production. Although the Y47/48A mutant initially
formed the p62/E1 heterodimer, the dimer dissociated during transport through the secretory pathway. Neutralization of the pH
in the secretory pathway successfully rescued dimer association, E1 transport, and infectious particle production. Further mu-
tagenesis identified the critical contact as the cation-r interaction of E3 Y47 with E2. Thus, E3 mediates pH protection of E1 dur-
ing virus biogenesis via interactions strongly dependent on Y47 at the E3-E2 interface.

Enveloped viruses use membrane fusion to deliver their genomes
into host cells (reviewed in references 1, 2, and 3). These viral
fusion reactions can be triggered by various combinations of recep-
tor/coreceptor binding and/or by the low-pH environment of the
endocytic pathway. Fusion is mediated by specialized viral fusion
proteins, which are highly regulated for deployment at the correct
time and place during entry. Suppression of the fusion reaction dur-
ing virus biogenesis is as crucial as its correct triggering during virus
entry. Viruses with low-pH-triggered fusion reactions have evolved
several mechanisms to protect their membrane fusion proteins from
the low pH of the exocytic pathway. Influenza virus (4) and hepatitis
Cvirus (5) express small membrane proteins, termed viroporins, that
act as ion channels and can neutralize the exocytic pathway as a pro-
tection mechanism. The alphavirus and flavivirus fusion proteins are
synthesized with “companion” proteins whose dimeric interactions
protect the fusion protein from low pH (reviewed in reference 6).
Maturation of the companion protein by furin cleavage primes the
virus to respond to low pH during entry (7, 8).

Alphaviruses such as Semliki Forest virus (SFV) are plus-
strand RNA viruses enveloped in a lipid bilayer containing a lattice
of trimeric spikes of E1 and E2 glycoprotein heterodimers (9). The
companion protein E2 binds receptors on the cell surface, leading
to clathrin-mediated endocytosis of the virus particle (10, 11). The
E2/E1 dimer dissociates in the low-pH environment of the endo-
some, allowing the hydrophobic fusion loop on E1 to insert into
the endosomal membrane. E1 then refolds to a trimeric hairpin-
like structure and drives membrane fusion (11, 12).

The alphavirus E2 protein is synthesized in the endoplasmic
reticulum (ER) as the precursor p62 (9, 13). p62 acts as a chaper-
one during glycoprotein synthesis and transport and is necessary
for proper folding of El. p62 is processed by furin in the late
secretory pathway to produce the mature E2 protein and E3, a
peripheral glycoprotein with a predicted molecular mass (without
glycosylation) of about 7 kDa (9, 14, 15). The immature p62/E1
dimer is more acid stable than the mature form (16), and the
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immature SFV fusion threshold is ~pH 5.0 while that of mature
SFV is ~pH 6.2 (8, 14, 17). Since the late secretory pathway has a
pH ranging from ~5.5 to 6.0 (18), the mature E2/E1 heterodimer
is exposed to conditions sufficient to trigger premature fusion and
El inactivation.

Following p62 processing, SFV E3 can remain bound to the
virus particle atlow pH and can be released at neutral pH (19). The
bound E3 inhibits virus fusion and E1 trimerization. The crystal
structures of the alphavirus p62/E1 and E2/E1 heterodimers indi-
cate that E3 interacts only with E2 (13, 20). Since E3 does not
interact with the fusion protein directly, it may act by stabilizing
the E2-E1 dimer and thus maintain pH protection until the virus
buds from the plasma membrane (19). While this is a compelling
model, it has not been tested in vivo in infected cells, and the key
interactions within the E3-E2 interface are undefined.

Here, we used site-directed mutagenesis of SFV E3 to test the
role of two tyrosine residues, Y47 and Y48, in heterodimer stabil-
ity and envelope protein biogenesis. The E3 Y47A Y48A (Y47/
48A) mutant heterodimer was destabilized during spike transport,
and the mutant was blocked in E1 cell surface expression and virus
production. Neutralization of low pH in the secretory pathway
rescued heterodimer transport to the plasma membrane and bud-
ding of infectious particles. Our data indicate that E3 plays a crit-
ical role in pH protection during alphavirus biogenesis and that
disruption of key E3 Y47 interactions leads to the loss of pH pro-
tection and to the inactivation of E1 during transport.
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MATERIALS AND METHODS

Cells and viruses. BHK-21 cells were cultured at 37°C in complete BHK
medium (Dulbecco’s modified Eagle medium containing 5% fetal bovine
serum, 10% tryptose phosphate broth, 100 U penicillin/ml, and 100 g of
streptomycin/ml). The CHO-K1 cell line and its derivative, the furin-
deficient FD11 CHO cell line (21), were kindly provided by Stephen H.
Leppla at the National Institutes of Health. The cells were cultured at 37°C
in alpha-minimal essential medium containing 10% fetal bovine serum,
100 U penicillin/ml, and 100 g of streptomycin/ml.

Construction of the SFV mutant infectious clones. Note that we use
the Chikungunya virus (CHIKV) numbering throughout the manuscript;
the SFV numbering is E3 Y48/Y49. Site-directed mutagenesis was per-
formed using the plasmid DG-1 encoding the viral envelope proteins, as
previously described (22). Briefly, circular mutagenesis was used to intro-
duce the E3 mutation(s) Y47/48A, Y47A, Y47F, or Y48A into plasmid
DG-1 using primeSTAR HS DNA polymerase (TaKaRa Bio Inc., Madison
WI). The mutated DG-1 Nsil/Spel fragments were subcloned into the
pSP6-SFV4 infectious clone (23). The infectious clones obtained were
sequenced to confirm the presence of the desired mutation and absence of
other mutations (Genewiz, Inc., North Brunswick, NJ). Two independent
clones of each mutant were generated from two independent PCRs and
used to confirm initial results. Infectious RNAs were generated by in vitro
transcription and electroporated into BHK-21 cells to produce virus in-
fection (23). Plaque assays were performed on BHK cells.

Pulse-chase analysis. Pulse-chase experiments were used to evaluate
envelope protein biosynthesis and virus assembly as previously described
(14, 24). In brief, BHK-21 cells were electroporated with wild-type (WT)
or mutant RNA and incubated for 6 h at 37°C. The cells were then pulse-
labeled with [*>S]methionine-cysteine (PerkinElmer) for 30 min and
chased in medium without label. The cell lysates and chase medium were
collected at the times indicated on the figures and analyzed via immuno-
precipitation with a rabbit polyclonal antibody specific to the SFV enve-
lope proteins. Samples were analyzed by SDS-PAGE and phosphorimag-
ing. Endoglycosidase H (Endo H; New England BioLabs) digestion was
used to study the trafficking of the E1 protein from the ER to the Golgi
compartment. Lysate samples collected at the 0- and 1-h chase times were
digested with Endo H for 90 min at 37°C in 50 mM citrate buffer at pH 5.0
(25).

Pulse-chase assays in the presence of inhibitors of secretion and acid-
ification were used to evaluate envelope protein transport and virus as-
sembly. BHK-21 cells were electroporated with either WT or mutant RNA
and incubated for 2 h at 37°C. Medium with or without 10 M monensin
(Sigma-Aldrich) or 100 nM bafilomycin A-1 (bafilomycin; Kamiya Bio-
medical) was added, and the cells were incubated for an additional 4 h at
37°C. Monensin blocks envelope protein transport from the medial to the
trans-Golgi compartment (26) while bafilomycin is a specific inhibitor of
the vacuolar ATPase (27). The cells were then labeled with [*>°S]methio-
nine-cysteine for 10 min and chased in medium without label for 1, 2, and
4 h, maintaining the presence of inhibitor throughout. Lysate samples
were immunoprecipitated with the E1 monoclonal antibody (MAb) E1-1
(25) to evaluate the E1-E2 dimer (16, 28) or with a rabbit polyclonal
antibody to the SFV envelope proteins. Samples were analyzed by SDS-
PAGE and phosphorimaging. To evaluate E1 surface expression in bafi-
lomycin-treated cells, the inhibitor was added at 2 h postelectroporation,
and the cells were cultured 12 h at 37°C. Indirect immunofluorescence
was performed using MAb E1-1. The production of infectious virus was
evaluated using parallel control or bafilomycin-treated cultures that were
not radiolabeled.

RNA transfection into CHO and FD11 cells. Viral RNA transfection
was performed in Opti-MEM serum-free medium (Life Technologies)
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using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
protocol. At 6 h posttransfection, the cells were washed four times with
serum-free medium and incubated at 37°C for the time points indicated in
Fig. 4. Viral titers were calculated by plaque assay on BHK cells. To test
viral protein expression on the cell surface, cells were washed and incu-
bated in growth medium, and indirect immunofluorescence was per-
formed at 24 h posttransfection using E1 MAb El1-1.

Fusion-infection assay. Appropriate dilutions of virus stocks were
prebound to BHK-21 cells on ice to prevent endocytosis. Fusion with the
plasma membrane was triggered by treatment of cells with media of var-
ious pHs for 3 min at 37°C. Cells were cultured at 28°C overnight in
medium containing 20 mM NH,Cl to prevent secondary infection. Virus-
infected cells were quantitated by immunofluorescence as described pre-
viously (29).

RESULTS

Analysis of interactions at the CHIKV E3-E2 interface. We set
out to test the role of the E3-E2 interaction in vivo and to identify
important contacts that mediate this interaction. The structure of
the CHIKV E3-E2-E1 complex (13) highlighted several E3 resi-
dues that interact with E2 (Fig. 1). These include E3 E39 and D40,
which form salt bridges with E2 R251, and E3 Y48, which can
hydrogen bond to E2 E166 and has van der Waals contacts with E2
H256. Y47 is also predicted to hydrogen bond with E2 K254. We
analyzed the E3-E2 interface using the contacts of structural units
(CSU) and PyMOL programs (30, 31). Based on our results and
the previous analysis, we selected E3 Y47 and Y48 for mutational
studies (Fig. 1B). While Y47 was not specifically highlighted in the
report of the CHIKV E3-E2-E1 structure, we noted that Y47 is
completely conserved among the alphaviruses (Fig. 1C) and that
its predicted E2 partner, K254, while highly conserved, is an argi-
nine in a fish alphavirus (13), suggesting a potential cation- in-
teraction.

Generation and characterization of an E3 Y47/48A mutant.
We used site-directed mutagenesis of the SFV infectious clone to
characterize the roles of E3 Y47 and Y48 (CHIKV numbering).
Both tyrosines were changed to alanine to abrogate the interac-
tions of the tyrosine side chains. The resultant E3 (Y47A Y48A)
double mutant is here referred to as Y47/48A. Viral RNAs were
transcribed in vitro and electroporated into BHK cells to charac-
terize the phenotype. Immunofluorescent staining of Y47/48A-
infected cells showed that E2, but not E1, was expressed on the
surface, while WT-infected cells showed robust surface expression
of both E2 and E1 (Fig. 2). Staining of permeabilized Y47/48A-
infected cells showed that the steady-state pool of E1 was primarily
localized in a perinuclear distribution consistent with the Golgi
complex (Fig. 2, bottom panel). Although cell surface expression
of some alphavirus envelope protein mutants can be rescued by
incubation of infected cells at 28°C (32, 33), these conditions did
not rescue E1 transport of the Y47/48 A mutant (data not shown).
Immunofluorescent staining confirmed that the double mutant
did not cause secondary infection of cocultured nonelectropo-
rated BHK cells (data not shown), in keeping with the E1 transport
defect.

Pulse-chase studies were used to further define the biosynthesis
and assembly of the Y47/48A mutant (Fig. 3A). In the WT-in-
fected cells, radiolabeled p62 was processed to mature E2 during a
1-h chase period, but processing in mutant-infected cells pro-
duced a form of E2 that migrated more slowly than that of the WT.
Complete removal of the N-linked carbohydrate chains with en-
doglycosidase F produced equivalent migration of WT and mu-
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FIG 1 E3 structure, interactions, and sequence conservation. (A) The struc-
ture of the CHIKV E3-E2-E1 protein complex. E3 is shown in tan, E2 is in blue
with its B-ribbon connector region in purple, and E1 is in light gray with the
fusion loop in yellow (Protein Data Bank accession number 3N42) (13). E3
Y47 and Y48 and E2 E166, K254, and H256 are shown in cyan in stick view. The
box indicates the magnified region in B. (B) Magnified view of the E3-E2
interface region, rotated to highlight the interactions between E3 Y47 and E2
K254 and between E3 Y48 and E2 E166 and H256. Colors are as in panel A.
Panels A and B were prepared using the program PyMOL (31). (C) Amino acid
sequence alignment of E3 residues 39 to 55 in alphaviruses, indicating the
positions of Y47/Y48 (CHIKV numbering). Alignment was performed using
Clustal W software. Virus abbreviations: CHIKV, Chikungunya virus; ONNV,
O’nyong-nyong virus; SEV, Semliki Forest virus; RRV, Ross River virus; EEEV,
Eastern equine encephalitis virus; SINV, Sindbis virus; WEEV, Western equine
encephalitis virus; VEEV, Venezuelan equine encephalitis virus; SPDV,
salmon pancreas disease virus; SLDV, sleeping disease virus of trout; BFV,
Barmah Forest virus.

tant E2 (data not shown). Thus, the difference in electrophoretic
migration was due to aberrant E2 glycosylation, in keeping with
previous results for mutants with blocks in El transport (34).
While WT envelope proteins were released in virus particles dur-
ing the chase time (data not shown), significant levels of WT E1
and E2 also remained in the cells after a 4-h chase (Fig. 3A). In
contrast, while the initial levels of radiolabeled envelope proteins
in Y47/48A-infected cells were similar to those of the WT, the
levels decreased significantly during chase even though no virus
budding occurred, suggesting envelope protein degradation.
Endo H digestion was then used to characterize the E1 protein in
mutant-infected cells (Fig. 3B). After a 1-h chase, a significant
proportion of the WT EI protein became resistant to Endo H
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FIG 2 Surface expression of E1 and E2 in WT- and Y47/48A-infected cells.
WT or mutant RNA was electroporated into BHK cells, and the cells were
cultured at 37°C for 12 h. The cells were then fixed with either paraformalde-
hyde (nonpermeabilized) or methanol (permeabilized), and indirect immu-
nofluorescence was performed with MAb to the E1 or E2 protein. Fluorescence
microscopy images were acquired with the same exposure times. Images are
representative examples of multiple (more than three) independent experi-
ments. Scale bar, 10 pm.

digestion, while most of the E1 protein detected in Y47/48A-in-
fected cells was sensitive to Endo H digestion. Thus, while a stable
pool of WT E1 was transported past the medial Golgi compart-
ment, most of the detected mutant E1 protein had not transited
past the medial Golgi compartment. As previously observed, E2
remains sensitive to Endo H due to an unmodified high-mannose
carbohydrate chain (35).

The role of p62 processing in the Y47/48A phenotype. We
hypothesized that the Y47/48A mutations destabilize the E3-E2
interaction, leading to the loss of pH protection for the E1 fusion
protein and thus to its degradation. Given the observed enrich-

Y47/48A
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FIG 3 Envelope protein biosynthesis in WT- and Y47/48A-infected cells.
BHK cells were electroporated with either WT or mutant RNA and incubated
at 37°C for 6 h, pulse-labeled for 30 min with [*>S]methionine-cysteine, and
then chased for the indicated times. The cell lysates were immunoprecipitated
with a polyclonal antibody to the SFV envelope glycoproteins. Samples were
analyzed directly by SDS-PAGE (A) or following digestion with Endo H (B).
p62%, E1*, and E2* illustrate the new positions of the proteins after Endo H
digestion. Representative examples of two independent experiments are
shown.
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FIG 4 Furin dependence of Y47/48A growth and E1 surface expression. WT
or mutant SFV RNA was transfected into WT (A) or furin-deficient FD11 (B)
CHO cells. Cells were cultured for the indicated times, and progeny virus
production was quantitated by plaque assay on BHK cells. At 24 h posttrans-
fection, cells were fixed with paraformaldehyde, and E1 surface expression was
visualized by indirect immunofluorescence using a MAb to E1 (C). Fluores-
cence microscopy images were acquired with the same exposure times. Scale
bar, 10 wm. Data are representative of the results of two to three independent
experiments.

ment of E1 in the Golgi complex in mutant-infected cells, it was
important to examine whether the mutant phenotype correlated
with p62 processing or with the exposure of the envelope proteins
to mildly acidic pH, both of which occur in the late stages of the
secretory pathway. In order to define the relative importance of
these two factors, we compared envelope protein biogenesis in
control and furin-deficient (FD11) CHO cells. We transfected
both cell types with WT or mutant viral RNA and tested for pro-
duction of infectious progeny virus by plaque assays on indicator
BHK cells (14). WT virus was efficiently produced from both
CHO and FD11 cells (Fig. 4A and B). The E3 Y47/48 A mutant did
not produce infectious virus from control CHO cells (Fig. 4A) and
was not rescued in FD11 cells (Fig. 4B). Immunofluorescent stain-
ing of Y47/48A-infected cells confirmed that E1 was not trans-
ported to the surfaces of either control or FD11 CHO cells (Fig.
4C). These results suggested that the mutant phenotype was due to
destabilizing effects on the p62-E1 heterodimer (see below), inde-
pendent of maturation to E3-E2.

The role of transport and acidification in the Y47/48A phe-
notype. We then tested the stability of the p62-E1 heterodimer at
various times after biosynthesis using a coimmunoprecipitation
(co-IP) assay. WT- and Y47/48A-infected BHK cells were pulse-
labeled and chased for 1 to 4 h, lysed, and immunoprecipitated
with a MAD to the E1 protein. In the WT samples, both p62 and E2
efficiently coimmunoprecipitated with E1 after a 1-h chase, and
the mature E2 protein showed co-IP after chase times of up to 4 h
(Fig. 5B), in keeping with the known stability of the heterodimer
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FIG 5 Effects of monensin and bafilomycin treatment on Y47/48A dimer
interaction. BHK cells were electroporated with WT or mutant viral RNA and
incubated for 2 h at 37°C. Culture medium alone (A and B) or medium con-
taining monensin (C) or bafilomycin (D) was then added to the cells, and the
incubation was continued for an additional 4 h. The cells were then pulse-
labeled with [**S]methionine-cysteine and chased for the indicated times, all
in the presence of monensin or bafilomycin as indicated. The cell lysates were
immunoprecipitated with either a rabbit polyclonal antibody to the E1 and E2
proteins to evaluate the total envelope proteins in the cell lysates (A) or with a
MAD to El to test for dimer stability by co-IP (B to D). The samples were
analyzed by SDS-PAGE and fluorography, with the exposure time in the ex-
periment shown in panel A decreased to visualize the ratio of E2 and E1. Panel
B shows the results of overexposure of a Y47/48A 4-h sample (right). Data are
representative examples of three independent experiments.

El =

(16). Parallel immunoprecipitation of the samples with a rabbit
antibody (AD) to the envelope proteins (Fig. 5A) showed that the
ratio of E2 and E1 in the cell lysates was similar to the ratio ob-
served by co-IP. In contrast, the mutant samples showed co-IP of
p62 with E1 after a 1-h chase but very little co-IP after a 2- to 4-h
chase (Fig. 5B) even though E2 was readily detectable in the cell
lysates at those time points (Fig. 5A). This result suggests that the
mutant heterodimer is initially stable but is dissociated or desta-
bilized during transport through the secretory pathway.

The furin-deficient cell results shown in Fig. 4 suggested that
p62 cleavage alone was not responsible for destabilization of the
mutant dimer. Studies of mutant-infected WT and FDI11 cells
showed that mutant co-IP was not rescued by the inhibition of p62
processing (data not shown). We therefore tested the effects of
blocking transport through the secretory pathway using monen-
sin, an ionophore that inhibits transport from the medial to the
trans-Golgi network (26, 36). Monensin was added to cells at 2 h
postelectroporation and maintained during pulse-labeling and
chase. In WT-infected cells, p62 cleavage was significantly inhib-
ited by monensin treatment, but efficient co-IP with E1 was ob-
served at all chase times (Fig. 5C). Processing of p62 was also
inhibited in Y47/48 A-infected cells, while co-IP of p62 with E1 was
increased (compare 2-h chase times in Fig. 5C versus B), suggest-
ing stabilization of the mutant heterodimer.
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FIG 6 Assembly properties of Y47/48A after neutralization of exocytic pH.
BHK cells were electroporated with WT or mutant viral RNA and incubated
for 2 hat 37°C. Medium with (+) or without (—) bafilomycin (baf) was added,
and the incubation was continued for 8 to 12 h. (A) After 12 h, the surface
expression of E1 was visualized as described in the legend of Fig. 4. Fluores-
cence microscopy images were acquired with the same exposure times. Scale
bar, 10 pm. (B) After 8 h, medium samples were collected, and titers were
determined by plaque assay on BHK cells. (C) Virus stocks from the experi-
ment described in panel B were also used to determine the pH dependence of
virus fusion with the plasma membrane of BHK cells, as described in Materials
and Methods. The images in panel A are representative of three independent
experiments. Data in panels B and C represent the average and standard devi-
ation of three independent experiments.

Monensin treatment inhibits envelope protein transport,
modifications such as glycosylation events, and exposure of the
dimer to the mildly acidic pH of the late secretory pathway. To
more directly test for the effects of low-pH exposure on het-
erodimer stability, we treated cells with bafilomycin, an inhibitor
of the vacuolar ATPase (27, 37). Bafilomycin was added at 2 h
postelectroporation, and pulse-labeling, chase, and co-IP analyses
were performed as described above. Bafilomycin caused a moder-
ate decrease in the kinetics of p62 processing in both WT- and
mutant-infected cells (Fig. 5D). This decrease is most likely due to
slower transport through the secretory pathway as no requirement
for low pH in p62 processing has been observed (38). As expected,
the WT heterodimer was efficiently retrieved by co-IP. Bafilomy-
cin treatment significantly increased co-IP of the Y47/48A het-
erodimer at both the 2- and 4-h chase times (compare Fig. 5D
versus B). Strikingly, mature E2 from the mutant-infected cells
comigrated with WT E2, indicating that it was no longer aber-
rantly glycosylated (Fig. 5D, compare 2- to 4-h WT versus mutant
chase samples). Together, these results suggested that neutraliza-
tion of the secretory pathway significantly stabilized the mutant
heterodimer.

We then tested if bafilomycin treatment could rescue mutant
El transport and virus particle assembly. WT- and Y47/48A-in-
fected cells were incubated in the presence of bafilomycin and
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FIG 7 Infectious particle production by WT and mutants. BHK cells were
electroporated with WT or mutant RNA as indicated and incubated at 37°C. At
the indicated times, medium was collected, and progeny virus titers were de-
termined by plaque assays. Data are representative of two independent exper-
iments.

immunostained to detect cell surface E1 (Fig. 6A). Significant res-
cue of El transport was observed in the mutant-infected cells.
Medium samples from untreated and bafilomycin-treated cells
were collected, and titers were determined by plaque assay on
BHK cells (Fig. 6B). Neutralization of the secretory pathway sig-
nificantly decreases protein secretion (39, 40), and, indeed, viral
production from WT-infected cells was decreased ~3 logs by ba-
filomycin treatment. While no mutant virus was produced from
untreated cultures, virus production was rescued in the presence
of bafilomycin, with mutant- and WT-infected cells producing
similar titers under these conditions. These WT and mutant virus
stocks showed similar pH dependence in tests of virus fusion with
the plasma membrane of BHK cells (Fig. 6C). Thus, once mutant
El transport was rescued and virus particles were produced, the
E3 Y47/48A mutations had no detectable effects on virus pH de-
pendence. Together, our results suggest that the mutations act by
disrupting the E3-E2 interaction, destabilizing the mutant het-
erodimer, and causing a loss in the pH protection of E1 during
transit through the secretory pathway.

Defining the residues responsible for the Y47/48A pheno-
type. Further mutagenesis was performed to determine whether
E3 Y47 and/or Y48 was responsible for the loss in pH protection.
Each tyrosine was changed to an alanine separately to create YA7A
and Y48A virus mutants. Y47 was also changed to a phenylalanine
(Y47F) to test the role of an aromatic residue at this position. We
compared the growth kinetics of these viruses in BHK cells, as
shown in Fig. 7. The Y47F and Y48A mutants had similar growth
kinetics as those of WT SFV, while the Y47A mutation was lethal
(Fig. 7). Thus, the tyrosine at position 47 is the critical residue at
the E3-E2 interface for pH protection of El. Although this ty-
rosine is completely conserved in alphavirus E3 proteins, a phe-
nylalanine substitution was viable.

DISCUSSION

Roles of alphavirus E3. E3 is a small glycoprotein that provides
the signal sequence for p62 translocation into the ER (9). How-
ever, E3 plays additional roles since its replacement by an arti-
ficial signal sequence inhibits spike protein heterodimer for-
mation and the transport of both E2 and E1 to the plasma
membrane (41). This finding and other data have led to a gen-
eral model in which p62, perhaps via the E3 region, initially acts
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as a chaperone to promote the correct folding and transport of
El to the plasma membrane (see, e.g., references 9, 42, and 43).
Following spike biosynthesis and folding, p62 is believed to
protect E1 from low pH during transport. In keeping with this
idea, the interactions of p62 with E1 are resistant to the pH
range of the secretory pathway and become sensitive after
cleavage to the mature E2 form (8, 14, 16).

The three-dimensional structures of the p62/E2-E1 dimer of
the alphaviruses CHIKV and Sindbis virus were recently solved
(13, 20). These heterodimer structures reveal that E3 interacts
only with E2 and has no direct contacts with E1. In addition, the
only change between the structures of the p62-El dimer and
E2-El dimer is within the loop containing the furin cleavage site
(13). Thus, the change in pH sensitivity between the immature
and mature spike proteins appears to be due not to structural
rearrangements but to the release of the E3 protein itself. This is in
keeping with the finding that E3 remains bound to virus at low pH
and is released at neutral pH (19) and provides a possible mecha-
nism to protect E1 during its transit through the secretory path-
way. Since dynamic p62-E1 contacts during protein folding in the
ER could differ from the static p62-E1 structure, a direct chaper-
one role for E3 remains unclear.

Here, we identified a key interaction at the E3-E2 interface that
conferred pH protection of E1 during secretory pathway trans-
port. Alanine substitutions of SFV E3 Y47/48 were predicted to
disrupt their interactions with E2 and proved lethal to the virus.
While the mutant heterodimer was initially stable, it dissociated
during chase, and E1 was not delivered to the plasma mem-
brane. Inhibition of p62 cleavage did not rescue E1 transport or
virus production, strongly suggesting that the mutant E3 moi-
ety did not properly interact with E2 even prior to p62 process-
ing. However, neutralization of the pH of the secretory path-
way rescued mutant dimer association, E1 transport to the
plasma membrane, and virus particle production. We propose
that the critical E3 Y4A7A mutation caused the loss of E1 pH
protection as the mutant heterodimer was transported through
the acidic environment of the late secretory pathway (trans-
Golgi cisternae and beyond), leading to E1’s inactivation and
the subsequent degradation of E1 and E2.

Y47 interactions. Based on structural studies, the tyrosines at
E3 positions 47 and 48 were predicted to form hydrogen bonds
and van der Waals contacts with E2 K254 and E2 (E166 and
H256), respectively (CHIKV numbering) (13). Our mutagenesis
data demonstrated that the key interaction was via E3 Y47 but that
it could be replaced by phenylalanine, another aromatic residue.
E3 Y47 is less than 3.5 A from E2 K254, which is either lysine or
arginine in all of the reported alphavirus sequences (13). Thus, our
data support an important cation-r interaction between the aro-
matic residue at position Y47 and E2 lysine 254.

The strength of a cation-m interaction is of the same order of
magnitude as a hydrogen bond or salt bridge (44). The Y47-K254
interaction would presumably promote E3-E2 stability at low pH
but would need to be destabilized at neutral pH. One explanation
could involve effects of the local environment on the pK, of lysine.
In solution, the lysine side chain has a pK, of ~10.8, but pK, values
aslowas 5.3 and 6.7 have been observed in protein structures (45,
46). If the pK, of E2 K254 is decreased due to the local environ-
ment, then this could allow deprotonation of the side chain at
neutral pH, destabilizing the cation-m interaction and promoting
E3 dissociation.
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Although in our experimental system E3 Y48 did not play an
important role, studies of alphavirus E3/E2 chimeras have impli-
cated this residue in envelope protein biogenesis and virus assem-
bly (47). E3 Y48 is conserved within the SFV clade, where it inter-
acts with E2 E166 and H256. In contrast, within the Sindbis virus
clade, E3 contains an aspartate residue in the equivalent position
and a corresponding tyrosine in place of E2 E166 (13, 47). Swaps
of these residues across clades produced strong effects on virus
envelope protein transport and particle infectivity (47). It will be
interesting to evaluate if such substitutions cause effects on E1 pH
protection in the E3/E2 chimeras.

The role of pr protein in flavivirus pH protection. Flavivi-
ruses, which have membrane fusion proteins that are structurally
similar to those of the alphaviruses, go through an analogous mat-
uration process (48—50). The flavivirus prM protein interacts with
the E fusion protein during virus biogenesis (51). Late in the se-
cretory pathway, furin cleaves prM into the peripheral pr protein
and transmembrane M protein (7). The pr protein remains bound
to the virus atlow pH, and its release at neutral pH allows the virus
to fuse and infect a new cell (48-50, 52). However, pr and E3 have
dissimilar structures and different mechanisms of action. While
the alphavirus E3 protein acts by stabilizing the E2-E1 dimer, the
flavivirus pr protein binds directly to the fusion loop at the tip of
the E protein. This interaction is stabilized by electrostatic inter-
actions between pr and E (48, 49). Mutation of a key histidine
residue at the tip of E reduces binding to pr and makes the virus
susceptible to low-pH inactivation during virus exit (52).

The role of alphavirus E3 in pH protection. Our studies pro-
vide new information on the chaperone and pH protection func-
tions of the alphavirus p62 protein. While p62 appears to be re-
quired for helping to chaperone the folding of E1, our experiments
suggest that E3 Y47/Y48 are not critical for this step in virus bio-
genesis. In particular, our data demonstrate that when the Y47/
48A mutant is rescued by neutralization of the low pH during exit,
the resultant virus shows similar growth and pH dependence for
fusion as the WT virus, suggesting that both E1 and E2 are cor-
rectly folded. Further studies may define direct chaperone func-
tions of p62 distinct from its role in E1 pH protection.

The alphaviruses and flaviviruses have both evolved mecha-
nisms in which a small viral protein provides protection from low
pH in the exocytic pathway. While the protective activity of E3 or
pr is critical to the virus, this strategy has the potential to inhibit
viral infectivity if the protein fails to dissociate. Not all of the
fusion proteins need to be activated for virus fusion to occur (8),
which probably provides some flexibility in this regulatory pro-
cess. For both viruses, the strength of the interaction at the E3-E2
(or pr-E) interface needs to be carefully balanced in order for the
protective peptide to stay bound after furin cleavage but still allow
for release in the neutral pH outside the cell. Our studies identify a
key residue in the alphavirus E3-E2 interaction and demonstrate
the important role that E3 plays in pH protection. Such regulation
of viral fusion proteins may have implications for the future de-
velopment of antiviral therapies.
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