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Sindbis virus codes for two membrane glycoproteins, E1 and PE2, which assemble into heterodimers within
the endoplasmic reticulum. We have examined the role of the molecular chaperone BiP (grp78) in the
maturation of these two proteins. E1, which folds into its mature conformation via at least three intermediates
differing in the configurations of their disulfide bonds, was found to interact strongly and transiently with BiP
after synthesis. ATP depletion mediated by carbonyl cyanidem-chlorophenylhydrazone treatment results in the
stabilization of complexes between BiP and E1. The depletion of intracellular ATP levels also greatly inhibits
conversions between the E1 folding intermediates and results in the slow incorporation of E1 into disulfide-
stabilized aggregates. These results suggest that the ATP-regulated binding and release of BiP have a role in
modulating disulfide bond formation during E1 folding. In comparison with E1, very little PE2 is normally
recovered in association with BiP. However, under conditions in which E1 folding is aberrant, increased
amounts of PE2 become directly associated with BiP. The formation of these BiP-PE2 interactions occurs after
E1 begins to misfold or fails to fold efficiently. We propose that nascent PE2 is stable prior to pairing with E1
for only a limited period of time, after which unpaired PE2 becomes recognized by BiP. This implies that the
productive association of PE2 and E1 must occur within a restricted time frame and only after E1 has
accomplished certain folding steps mediated by BiP binding and release. Kinetic studies which show that the
pairing of E1 with PE2 is delayed after translocation support this conclusion.

Sindbis virus is the prototype alphavirus, and its structure, in
comparison with that of other enveloped viruses, has been well
characterized. The Sindbis virion possesses a nucleocapsid
core consisting of a 42S, single-stranded, positive-polarity
RNA genome in association with 240 copies of a basic capsid
protein (C). A host-derived membrane bilayer containing the
viral glycoproteins E1 and E2 envelopes the nucleocapsid.
Eighty tightly complexed trimers of E1 and E2 heterodimers
are organized into a rigid T54 icosohedral lattice that mirrors
the symmetry of the underlying nucleocapsid core (40). The
structural proteins of Sindbis virus are synthesized from a
subgenomic 26S RNA in the order NH2-C-PE2-6K-E1-COOH
(43). Capsid protein is autoproteolytically cleaved from the
developing polyprotein, becoming available for assembly into a
nucleocapsid particle within the cytosol. The remaining
polyprotein, directed by a signal sequence in the newly exposed
N-terminal end of PE2, is cotranslationally translocated into
the rough endoplasmic reticulum (ER). This polyprotein is
cleaved by signal peptidase within the ER and modified by
N-glycosylation and fatty acid acylation (43, 45). PE2 (the
precursor of E2) and E1, which are both type I integral mem-
brane glycoproteins, form a noncovalently associated hetero-
oligomeric complex within the ER and are subsequently trans-
ported to the cell surface via the Golgi apparatus (42, 49). Late
in this pathway, the majority of PE2 is processed into E2 and
E3, a small glycopeptide that is released into the medium (43).
The cytoplasmic tail of E2 interacts specifically with capsid
protein, and such interactions lead to envelopment of the nu-
cleocapsid during virus budding at the plasma membrane and
help organize the strict geometry of the viral envelope proteins
(29, 32–34).

The structural integrity of the rigid protein lattice within the
Sindbis virus envelope appears to be dependent upon intramo-
lecular disulfide bonds residing within the E1 glycoprotein (2,
3). It has been proposed that these disulfide bonds must be
rearranged during the initial steps of the infection process to
allow disassembly of the virion (1). Therefore, the arrange-
ment of disulfide bonds within E1 is critical during both virus
assembly and disassembly. Both E1 and PE2 contain 16 highly
conserved cysteine residues within their ectodomains (10, 14,
20, 26, 30, 47). The formation of disulfide bonds during protein
folding is often accompanied by a change in the mobility of a
protein in nonreducing sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (12). We have previously de-
scribed the folding of E1 and PE2 by examining the changes in
the electrophoretic mobilities, in nonreducing gels, of these
proteins as they mature (37). E1 was found to fold into its
mature conformation within the ER via at least three folding
intermediates, differing in the configurations of their disulfide
bonds. Posttranslational isomerization of disulfide bonds
within E1 appears to occur during these folding events. Addi-
tionally, we have shown that E1 becomes metastable with re-
spect to the arrangement of its disulfide bonds late in the
secretory pathway prior to its assembly into virus. In contrast
with E1, no PE2 folding intermediates were detected (37).
The folding and oligomerization of nascent proteins enter-

ing the lumen of the rough ER, rather than being completely
spontaneous events, are often modulated by ER resident fold-
ing enzymes and chaperone proteins (23). Among the chaper-
ones present within the ER is BiP (grp78), a member of the
70-kDa heat shock protein family (11, 23). BiP is a major
component of the ER and has been found to associate tran-
siently with a variety of folding and assembly intermediates and
to interact more permanently with misfolded, aggregated, or
unassembled proteins that fail to be transported from the ER
(reviewed in references 11, 22, and 24). BiP also appears to
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have a role in the translocation of proteins across the ER
membrane (8). The C-terminal domain of BiP is thought to
recognize extended, hydrophobic segments of polypeptide
chain which are probably normally located within the interior
of completely folded and assembled protein (5, 19). It is be-
lieved that the binding of BiP to its target polypeptides pre-
vents the formation of inappropriate intra- and intermolecular
interactions during protein folding (23). The binding and re-
lease of BiP are regulated by a weak ATPase activity present
within the N terminus of the chaperone (38, 39).
In this study, we have investigated the involvement of BiP in

the maturation of the Sindbis virus envelope glycoproteins. We
provide data suggesting that interactions with BiP help mod-
ulate the formation of correct disulfide bonds within nascent
E1. Additionally, results are presented which show that aber-
rant E1 folding can lead to the direct association of PE2 with
BiP.

MATERIALS AND METHODS

Cells and viruses. BHK-21 cells were cultured at 378C in Eagle’s minimal
essential medium (MEM) supplemented with 10% fetal calf serum (GIBCO),
5% tryptose phosphate broth, and 2 mM L-glutamine. Heat-resistant Sindbis
virus (SVHR) and the temperature-sensitive mutant TS23 were both originally
provided by E. R. Pfefferkorn (Dartmouth Medical College). Virus stocks were
prepared as described previously (41).
Infection, drugs, and radiolabeling.As described previously (37), subconfluent

BHK monolayers were treated with medium containing dactinomycin (4 mg/ml;
Calbiochem) for 1 h at 378C prior to infection with ;100 PFU of either SVHR
or TS23 per cell. At 4 h postinfection, cells were starved briefly (10 to 15 min) in
methionine- and cysteine-free medium and then pulse-labeled with [35S]methi-
onine/cysteine protein labeling mix (New England Nuclear) at a concentration of
50 mCi/ml. All chases were performed with complete medium containing excess
nonradioactive methionine and 75 mg of cycloheximide per ml. Incubations of
TS23-infected cells were done at the nonpermissive temperature (39.58C).
SVHR-infected cells were incubated at 378C. Dactinomycin treatment and a
prelabeling starvation period were omitted for the experiment illustrated in Fig.
2. Where indicated, cells were treated with 5 mg of brefeldin A (BFA; Epicentre
Technologies) per ml for 1 h prior to the pulse and throughout the pulse-chases.
Carbonyl cyanide m-chlorophenylhydrazone (CCCP; Aldrich) was prepared in
dimethyl sulfoxide and used, where indicated, in the chase medium at a final
concentration of 300 mg/ml.
Immunoprecipitations and SDS-PAGE. Following the pulse-chases, monolay-

ers were washed twice with ice-cold phosphate-buffered saline (PBS) containing
cycloheximide. Where indicated, cells were then incubated on ice with 20 mM
N-ethylmaleimide (NEM) in PBS for ;10 min and then lysed in buffer contain-
ing NEM. For the experiment shown in Fig. 3, cell lysates were prepared and
immunoprecipitated with affinity-purified anti-E1 polyclonal antibodies conju-
gated to Sepharose beads (Sigma) as previously described (37). These samples
were analyzed by reducing and nonreducing SDS-PAGE on 12.5% polyacryl-
amide gels. For all other experiments, cells were lysed in buffer containing 1%
Triton X-100, 150 mM NaCl, and 10 mM Tris (pH 7.2) plus 0.2 mM each of the
protease inhibitors phenylmethylsulfonyl fluoride, N-tosyl-L-phenylalanine chlo-
romethyl ketone, and N-a-p-tosyl-L-lysine chloromethyl ketone (Sigma). Nuclei
and large cell debris were pelleted and discarded. Lysates were then reacted with
5 mg of anti-BiP monoclonal antibody (StressGen Biotechnologies Corp.), with
anti-vesicular stomatitis virus (VSV) G protein antiserum, or with monoclonal
antibodies specific for either E1 or E2 for 2 h at 48C. Anti-E1 antibody (SIN 33)
and anti-E2 antibody (R15) were kindly provided by A. L. Schmaljohn (U.S.
Army Medical Research Institute of Infectious Diseases) and R. E. Johnston
(University of North Carolina), respectively (35, 44). Immune complexes were
recovered by gently rocking lysates for 1 h at 48C with 100 ml of a 10% solution
of protein A insolubilized on Sepharose CL-4B beads (Sigma) in lysis buffer. The
bead-protein complexes were washed three times with buffer containing 0.1%
Triton X-100, 150 mM NaCl, 10 mM Tris, and 0.2 mM phenylmethylsulfonyl
fluoride (pH 7.2), resuspended in 30 ml of 23 reducing sample buffer, and heated
for 4 min at 1008C. Supernatants (equal volumes) were analyzed by SDS-PAGE
on 10.8% polyacrylamide gels as previously described (3). Fluorography was
performed by the method of Bonner and Laskey (6). The nonreducing gel shown
in Fig. 3B was enhanced as previously described (37) to increase contrast be-
tween bands.

RESULTS

E1 transiently associates with BiP. To determine if BiP
associates with Sindbis virus proteins, SVHR-infected BHK

monolayers were pulse-labeled for 5 min, chased for various
times up to 20 min, lysed, and immunoprecipitated with anti-
BiP monoclonal antibody. Three Sindbis proteins, identified as
B protein (p110), PE2, and E1, coprecipitate with BiP imme-
diately after the pulse (Fig. 1, lane 1). The recovery of these
proteins with anti-BiP antibody is specific, as determined by
two criteria. First, no Sindbis proteins are recovered after a
pulse from lysates with control anti-VSV G protein antibody
(lane 7). Second, if cell lysis is performed in the presence of
excess ATP, the levels of B protein, PE2, and E1 coprecipi-
tated with BiP are dramatically reduced (lane 6). This latter
result is in agreement with previous data showing that the
addition of ATP to cell extracts causes the disruption of BiP-
substrate complexes (38).
It has been shown that Sindbis virus infection can induce the

synthesis of certain heat shock proteins (21), raising the pos-
sibility that increased production of BiP may also occur in
Sindbis virus-infected cells. The constitutive synthesis of BiP,
however, along with the synthesis of most other host proteins,
is inhibited in Sindbis virus-infected BHK cells with or without
dactinomycin treatment (Fig. 2) (48). Therefore, radiolabeled
BiP is not detected in the pulse-chase experiments used for
Fig. 1.
B protein, which consists of uncleaved PE2, 6K, and E1, has

been characterized as a nonglycosylated by-product of Sindbis
virus infection (18, 45). Its specific and transient coimmuno-
precipitation with BiP indicates that some B protein can be at
least partially integrated into the lumen of the ER (Fig. 1, lane
1). This BiP-associated B protein appears to be partially gly-

FIG. 1. Interaction of BiP with Sindbis virus proteins. BHK cells, at 4 h
postinfection with SVHR, were pulse-labeled for 5 min with [35S]methionine/
cysteine and then chased for the times indicated. Cells were lysed normally or in
buffer containing 1 mM excess ATP (lane 6). Lysates were immunoprecipitated
with anti-BiP monoclonal antibody (lanes 1 to 6) or with anti-VSV G protein
antibody (lane 7), and immunoprecipitates were analyzed by reducing SDS-
PAGE. Lane V, Sindbis virus marker proteins.

FIG. 2. BiP synthesis is inhibited in SVHR-infected cells. BHK cells, un-
treated with dactinomycin, were either mock infected (lane M) or infected with
SVHR (lane I). After a 4-h incubation at 378C, cells were pulse-labeled with
[35S]methionine/cysteine for 30 min and then lysed. Lysates were immunopre-
cipitated with anti-BiP monoclonal antibody. Radiolabeled BiP is only recovered
from the mock-infected cells.
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cosylated (data not shown) and may represent the product of
an aborted translocation attempt.
Among the Sindbis proteins which associate with BiP, E1 is

clearly the most prominent (Fig. 1, lane 1). Equal amounts of
E1 and PE2 are synthesized in infected cells, yet vastly more
E1 than PE2 coprecipitates with BiP following the pulse. The
level of E1 associated with BiP decreases rapidly during chases
(lanes 2 to 5). These data suggest that the transient interaction
of BiP with E1 has a role in normal E1 maturation.
ATP depletion inhibits E1 folding. ATP binding stimulates

the disassociation of BiP from substrate proteins (39), and the
ATP-dependent folding of at least several proteins within the
ER is thought to reflect the involvement of BiP in the folding
process (7, 16). The association of nascent E1 with BiP (Fig. 1)
indicates that E1 folding might also be dependent upon ATP.
To determine whether this is the case, infected BHK cells were
pulse-labeled for 2 min and then chased for various times in
medium containing CCCP, an uncoupler of oxidative phos-
phorylation (24). CCCP treatment depletes intracellular ATP
levels and, at the concentration used in this study, blocks the
export of Sindbis proteins from the ER to the Golgi stacks
(32). Following the pulse-chases, cells were incubated on ice
with NEM and then lysed in the presence of NEM as described
in Materials and Methods in order to inhibit artifactual disul-
fide bond formation during or after cell lysis (12, 37). Cell
lysates were then immunoprecipitated with anti-E1 antiserum,
and samples were examined by SDS-PAGE under reducing
(Fig. 3A) and nonreducing (Fig. 3B) conditions. In the reduc-
ing gel, E1 migrates as a single band after all chase times (Fig.
3A). In the nonreducing gel, E1 folding intermediates that
differ in the number and/or arrangement of their disulfide
bonds are resolved (Fig. 3B). These E1 species appear to be

identical to those recovered without CCCP treatment (37), but
their behavior during chases differs markedly.
Normally, the folding of E1 within the ER proceeds sequen-

tially through three folding intermediates, designated E1a, -b,
and -g, into a compact disulfide-bonded conformation, E1ε
(37). Two other E1 species, E1d and -z, have also been iden-
tified, but their role, if any, in E1 maturation is unclear. The
results shown in Fig. 3B indicate that ATP depletion signifi-
cantly retards E1 folding. Specifically, the E1a species, which
normally folds completely into E1b within 5 min after a 2-min
pulse (37), persists as a prominent band for up to 4 h of chase
in the presence of CCCP (Fig. 3B). The folding steps from E1b
to E1g to E1ε also appear to be greatly inhibited in ATP-
depleted cells. We have shown previously that when protein
transport from the ER is arrested by treatment of cells with the
drug BFA, which has little effect on intracellular ATP levels
(36), the vast majority of E1 is folded into the stable E1ε
species within 2 h of chase (37). In contrast, when the transport
of proteins from the ER is blocked by ATP depletion, very
little E1 reaches the E1ε conformation even after 4 h of chase
(Fig. 3B).
In addition to the inhibition of E1 folding, chases in the

presence of CCCP also result in the slow formation of large,
disulfide-stabilized aggregates, which are detected at the top of
the resolving gel shown in Fig. 3B. Reduction of these aggre-
gates reveals that they are composed of both E1 and PE2 (Fig.
3A and data not shown). Aggregation of nascent viral proteins
upon energy depletion has been described previously for VSV
G protein (15) and influenza virus hemagglutinin (7). The
incorporation of these viral glycoproteins into disulfide-stabi-
lized aggregates upon ATP depletion occurs very rapidly (,10
min) in comparison to the 4 h required for large amounts of E1
to enter similar aggregates in energy-depleted cells (Fig. 3B).
As pointed out by others (9), ATP is not required to maintain
the oxidizing conditions within the ER needed for disulfide
bond formation. Therefore, the inefficient folding and eventual
aggregation of E1 shown in Fig. 3 are best explained by the
inability of BiP to function properly in ATP-depleted cells.
However, we cannot rule out other effects that ATP depletion
mediated by CCCP treatment may have on E1 folding.
E1 remains associated with BiP in CCCP-treated cells.Dor-

ner et al. (17) have shown that transient complexes between
BiP and maturing factor VIII protein within the ER can be
stabilized with CCCP treatment. This observation provided
evidence that the ATP-dependent release of BiP from its tar-
get polypeptides seen in earlier in vitro experiments is also
relevant in vivo. To investigate whether transient BiP-E1 com-
plexes are also stabilized with CCCP treatment, infected BHK
cells were pulse-labeled for 5 min and then chased in the
presence of CCCP for up to 45 min. Cell lysates were prepared
and immunoprecipitated with anti-BiP monoclonal antibody as
in Fig. 1. The results, shown in Fig. 4A (lanes 1 to 4; compare
with lanes 1 to 5 in Fig. 1), indicate that ATP depletion me-
diated by CCCP treatment does prevent the disassociation of
BiP-E1 complexes. These data, in conjunction with the results
presented in Fig. 1 and 3, support a role for the ATP-regulated
binding and release of BiP in the normal folding pathway of
E1.
Formation of BiP-PE2 complexes. PE2 is usually recovered

in only small amounts from lysates by using anti-BiP antibody
(Fig. 1). The results presented in Fig. 4A (lanes 1 to 4), how-
ever, show that significantly increased levels of PE2 coprecipi-
tate with BiP during chases in CCCP-treated cells. Following a
20-min chase with CCCP treatment, the amounts of E1 and
PE2 coprecipitated from lysates with BiP are similar (lane 3).
The explanation that PE2 coprecipitates with BiP in this situ-

FIG. 3. Effect of CCCP treatment on E1 folding. SVHR-infected BHK cells
were pulse-labeled for 2 min and then chased in medium containing CCCP (300
mg/ml) for the times indicated. Cells were then treated with NEM on ice prior to
and during lysis. E1 was immunoprecipitated from the lysates and analyzed by
electrophoresis through 12.5% polyacrylamide gels under reducing (A) and
nonreducing (B) conditions (37). Disulfide-stabilized aggregates at the interface
between the nonreducing stacking and resolving gels are indicated (p).
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ation solely because of PE2 interactions with E1 molecules
which are associated with BiP is not valid. E1 can be depleted
from cell lysates by serial immunoprecipitations with anti-E1
antiserum, and PE2 but not E1 will still be recovered in large
amounts with anti-BiP antibody (Fig. 4A, lane 5; compare with
lane 3). This result indicates that PE2, in CCCP-treated cells,
can become directly complexed with BiP. This observation
suggested that perhaps ATP is required to prevent PE2 from
misfolding into a conformation which is recognized by BiP.
More specifically, rather than a direct requirement for ATP in
PE2 maturation, it is possible that the inefficient or incorrect
folding of E1 in ATP-depleted cells is responsible for the
formation of BiP-PE2 complexes. The use of the temperature-
sensitive Sindbis virus mutant TS23 provided an opportunity to
test this possibility.
TS23 was derived from SVHR by Burge and Pfefferkorn (9)

and has two amino acid substitutions at positions 106 and 267
in the E1 glycoprotein (4). At the nonpermissive temperature
(39.58C) in TS23-infected cells, E1 fails to fold correctly, and
within a 2-min pulse, a substantial portion of nascent E1 is
incorporated into disulfide-stabilized aggregates (unpublished
observation). Additionally, the transport of both E1 and PE2
from the ER is inhibited (27). The PE2 sequence of TS23 is the
same as in SVHR (4). Thus, the misfolding of mutant E1
protein influences the maturation of wild-type PE2. The effect
of inefficient E1 folding, induced without ATP depletion, on
the association of PE2 with BiP was investigated by using TS23
along with pulse-chase and coimmunoprecipitation protocols
as already described. Immediately after a 5-min pulse of TS23-

infected cells at the nonpermissive temperature, E1 and very
little PE2 are coprecipitated with anti-BiP monoclonal anti-
body (Fig. 4B, lane 1). This result is similar to that seen after
a 5-min pulse of SVHR-infected cells (Fig. 1, lane 1). Thus, E1
misfolding does not immediately result in an increase in the
amount of PE2 complexed with BiP. However, with chases,
greatly increased levels of PE2 coprecipitate with BiP (Fig. 4B,
lanes 2 to 4), as also seen in SVHR-infected CCCP-treated
cells (Fig. 4A). As might be expected, large amounts of mis-
folded mutant TS23 E1 protein associate with BiP throughout
chases at the nonpermissive temperature (Fig. 4B). E1 and
PE2 synthesized in wild-type virus-infected cells show no dif-
ferences in their interactions with BiP at 39.5 versus 378C (data
not shown).
These data indicate that PE2 does not necessarily become

complexed with BiP in CCCP-treated cells because of a direct
requirement for ATP in the maturation of PE2. Instead, it
appears that PE2 associates with BiP in a delayed fashion as a
consequence of the failure of E1 to fold efficiently. The results
shown in Fig. 4A and B suggest that nascent PE2 is stable prior
to pairing with E1 for only a limited period of time, after which
unpaired PE2 becomes recognized by BiP. This implies that
the pairing of PE2 and E1 within the ER must occur within a
limited time frame, and only after E1 has completed folding
into an appropriate conformation.
Interaction of BiP with PE2 and E1 in BFA-treated cells.

Sindbis virus glycoproteins normally exit the ER with a half-
time of approximately 17 to 20 min (27, 37). Since proteins
must typically fold and oligomerize correctly before exiting the
ER (16, 25), it is assumed that E1 folds and pairs with PE2 with
a half-time of less than 20 min. However, in cells treated with
BFA (which induces the redistribution of the Golgi stacks into
the ER and inhibits anterograde transport from the ER [31,
36]), 1 to 2 h are required for most of E1 to fold into the
mature E1ε conformation (37 and data not shown). Thus, a
population of E1 molecules in BFA-treated cells appears to
fold with slower than normal kinetics into the E1ε species.
Furthermore, a small fraction of E1 proteins in BFA-treated
cells become incorporated into disulfide-stabilized aggregates
during chases (data not shown). The use of BFA therefore
provides an additional opportunity to test if the efficiency of E1
folding effects whether PE2 does or does not become com-
plexed with BiP.
BHK cells were treated with BFA for 1 h at 3 h postinfection

with SVHR. The cells were then pulse-labeled for 5 min and
chased for various times (up to 5 h) as described in Materials
and Methods with medium containing BFA. Cell lysates were
then prepared and immunoprecipitated with anti-BiP mono-
clonal antibody. Just after the pulse, as seen without drug
treatment (Fig. 1, lane 1), E1 and a very small amount of PE2
are coprecipitated with BiP (Fig. 4C, lane 1). BFA treatment
therefore does not influence the level of newly synthesized PE2
which is recovered with BiP immediately after the pulse. With
chases, however, as in CCCP-treated cells (Fig. 4A) and in cells
infected with TS23 at the nonpermissive temperature (Fig.
4B), increased amounts of PE2 begin to associate with BiP
(Fig. 4C, lanes 2 to 5). These observations support the previous
proposition that the efficiency of E1 folding can effect whether
BiP-PE2 complexes are formed in greater than normal
amounts.
The level of E1 associated with BiP in BFA-treated cells

decreases after the pulse and then remains fairly steady for up
to 5 h of chase (Fig. 4C). The decrease in the amount of E1
coprecipitated with BiP between 0 and 20 min of chase (lanes
1 and 2) is likely due to a population of E1 molecules which
completely fold and pair with PE2 within this time frame and

FIG. 4. Induction of prolonged and/or increased associations of E1 and PE2
with BiP. The coprecipitation of E1 and PE2 with BiP was examined in three
separate situations in which the fidelity of E1 folding is compromised. (A)
SVHR-infected BHK cells were pulse-labeled for 5 min and then chased for the
times indicated in medium containing 300 mg of CCCP per ml. (B) TS23-infected
BHK cells, incubated at the nonpermissive temperature (39.58C), were pulse-
labeled for 5 min and chased for the indicated times. (C) BHK cells, 3 h
postinfection with SVHR, were treated for 1 h with medium containing 5 mg of
BFA per ml. Cells were then pulse-labeled for 5 min and chased for the indicated
times in the presence of BFA. Following the pulse-chases (A through C), cell
lysates were prepared and immunoprecipitated with anti-BiP monoclonal anti-
body. Alternately, cell lysates were first immunoprecipitated several times with
anti-E1 antiserum before a final immunoprecipitation with anti-BiP antibody was
performed (panel A, lane 5). Samples were analyzed by reducing SDS-PAGE.
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thus are no longer recognized by BiP. A decrease in the num-
ber and/or affinity of BiP binding sites on maturing E1 proteins
could also contribute to a reduction in the amount of E1
recovered with BiP during chases. The E1 remaining associ-
ated with BiP after 5 h of chase in BFA-treated cells appears
to be present in disulfide-stabilized aggregates (data not
shown). We have also found that the PE2 which does not pair
with E1 during chases in BFA-treated cells becomes irrevers-
ibly incorporated into disulfide-stabilized aggregates, contain-
ing little if any E1, and it is the PE2 within these aggregates
that interacts with BiP (unpublished observations).
It is unclear why some E1 misfolds or folds slowly in BFA-

treated cells. However, it is possible that the increased
amounts of both viral and host proteins which enter and re-
main within the ER in the presence of BFA, coupled with the
inhibition of BiP synthesis in SVHR-infected cells (Fig. 2),
could result in a decrease in the local concentration of BiP
within the ER. In this situation, only a limited number of
nascent E1 proteins may have access to BiP at any one time.
These E1 molecules, facilitated by BiP binding and release,
could complete proper folding within a normal time frame,
leaving the remaining E1 proteins without chaperones and
unable to fold as efficiently. Other unknown factors affected by
BFA treatment may also influence the folding and pairing of
E1 and PE2 within the ER.
Kinetics of E1 and PE2 association. The preceding results

suggest that E1 must complete certain folding steps after syn-
thesis before reaching a conformation in which it can produc-
tively pair with PE2. This implies that the pairing of E1 with
PE2 is not immediate after translocation into the ER. To
determine a time course for the association of E1 with PE2,
SVHR-infected BHK cells were pulse-labeled for 2 min and
then chased for various times up to 20 min. Cells were then
treated with NEM prior to and during lysis as described in
Materials and Methods. Duplicate lysates were immunopre-
cipitated with either anti-E1 or anti-E2 monoclonal antibodies.
The amount of E1 coprecipitating with PE2/E2 and the
amount of PE2/E2 coprecipitating with E1 were determined
for each chase time. The results, shown in Fig. 5, indicate that
the time required for half-maximal association between E1 and

PE2 is between 1 and 4 min. E1 and PE2/E2 coprecipitate with
one another in increasing amounts during chases as more E1
folds into the E1ε species, which is readily detected by 10 min
of chase after a 2-min pulse (37). These data agree with our
previous observation that immunoprecipitations with anti-E1
polyclonal antiserum show more PE2 coprecipitating with E1
when the E1ε form is present.

DISCUSSION

We have previously shown that E1 folds sequentially within
the ER through three increasingly compact folding intermedi-
ates, designated E1a, -b, and -g, into a final disulfide-stabilized
species, E1ε (37). These species differ in the arrangement
and/or number of their disulfide bonds. E1a, the first interme-
diate in the proposed E1 folding pathway, has an electro-
phoretic mobility similar to that of fully reduced E1. This
suggests that E1a possesses few, if any, of the disulfides
present in the later E1 species and that most of the disulfide
bonds within E1 form posttranslationally. Late in the secretory
pathway, E1ε becomes metastable with respect to the arrange-
ment of its disulfide bonds. During isolation from cells or virus,
the metastable E1ε species rearranges, apparently through in-
tramolecular thiol-disulfide exchange reactions, into alternate
species. Two of these have mobilities which are identical to the
E1ε precursors E1b and -g. This indicates that the conversions
between some of the E1 species during folding within the ER
probably involve isomerization of intermediate, nonnative di-
sulfide bonds. Further characterization of the disulfides within
the E1 folding intermediates is needed to test this possibility.
Whether, and which, cysteine residues form disulfide bonds

is largely determined by the conformation(s) acquired by a
protein during folding (12). Once formed, disulfides can confer
substantial stability on the conformation of a protein (13). The
ability of the molecular chaperone BiP to reversibly bind to
regions of polypeptide and prevent them from interacting with
other regions gives BiP the potential to guide the formation or
reshuffling of disulfide bonds during protein folding within the
ER. We have found that BiP associates strongly and transiently
with newly synthesized E1 under normal circumstances (Fig.
1). Upon ATP depletion mediated by CCCP treatment, E1 and
BiP become more permanently complexed (Fig. 4A). Addi-
tionally, each folding step in E1 maturation, from E1a to E1b
to E1g to E1ε, appears to be sensitive to ATP depletion (Fig.
3). These results suggest that the ATP-regulated binding and
release of BiP have a crucial role in modulating the formation,
and possible rearrangements, of disulfide bonds during E1
folding.
Segal et al. (46) have proposed that the binding of BiP to

nascent influenza virus hemagglutinin shields certain cysteine
residues during translocation and folding, preventing the for-
mation of nonnative disulfide bonds. In the case of the Sindbis
virus E1 protein, our data suggest that interactions with BiP
may help guide the posttranslational formation of an initial set
of disulfide bonds (some of which are probably nonnative)
during the conversion from E1a to E1b. Subsequent folding
steps, which appear to be ATP dependent and which likely
involve disulfide bond rearrangements, to form the E1ε species
may also be mediated by BiP binding and release. The contin-
ued expression of BiP binding sites on the surface of misfolded
and/or inefficiently folding E1 molecules results in prolonged
associations between BiP and E1 (Fig. 4). These associations
are likely responsible for inhibiting the export of misfolded and
unfolded E1 from the ER. The synthesis of BiP, which has a
half-life of greater than 48 h (28), is inhibited in Sindbis virus-
infected BHK cells (Fig. 2), indicating that most of the BiP

FIG. 5. Kinetics of E1 association with PE2. SVHR-infected cells were pulse-
labeled for 2 min and then chased for the indicated times. Cells were then treated
with NEM and lysed as described in Materials and Methods. Duplicate lysates
were immunoprecipitated with anti-E1 monoclonal antibody (SIN 33) or with
anti-E2 monoclonal antibody (R15). Immunoprecipitates were subjected to re-
ducing SDS-PAGE. At each chase time, the percentage of the maximal amount
of E1 which coprecipitates with PE2/E2 during chases was determined by scan-
ning densitometry (h). The amount of PE2/E2 coprecipitating with E1 at each
chase time was calculated similarly (■).

VOL. 69, 1995 SINDBIS VIRUS ASSEMBLY 1625



molecules which associate with maturing E1 are produced
prior to infection. It is possible that other ER resident factors,
functioning either alone or in concert with BiP, are also in-
volved in maintaining the fidelity of E1 folding.
In comparison with E1, very little PE2 is usually recovered in

association with BiP (Fig. 1). PE2 may simply not interact with
BiP under normal circumstances, or BiP-PE2 interactions may
be more labile and/or have much shorter half-lives than BiP-E1
complexes. Since BiP likely functions in the translocation of
proteins across the ERmembrane (8), encounters between BiP
and nascent PE2 are probable (because PE2 is the first of the
Sindbis structural proteins translocated into the ER [43]).
When E1 folding is aberrant, significantly increased levels of
PE2 become associated with BiP (Fig. 4). These BiP-PE2 in-
teractions form in a delayed fashion during chases after E1 has
begun to misfold or has failed to fold efficiently. These results
suggest that nascent PE2 is stable prior to pairing with E1 for
only a restricted period of time, after which unpaired PE2
becomes recognized by BiP. Furthermore, these results imply
that the productive association between PE2 and E1 must
occur within a limited time frame and only after E1 has com-
pleted certain folding steps modulated by BiP binding and
release. This latter conclusion is supported by kinetic studies
which indicate that the pairing of PE2 with E1 is delayed after
their synthesis (Fig. 5). Whether PE2 associates with any host
factor(s) during the interim before pairing with E1 remains to
be answered. Preliminary results from coimmunoprecipitation
experiments with antibodies specific for the ER resident chap-
erones grp94 and calnexin have indicated that neither of these
proteins is involved in the normal maturation of E1 or PE2
(unpublished observations).

ACKNOWLEDGMENTS

This research was supported by grant AI14710 from the National
Institutes of Health and by funds appropriated by the state of Texas to
the Cell Research Institute. Matthew Mulvey was supported by a
predoctoral fellowship through NIH training grant 5T32 CA09583.

REFERENCES

1. Abell, B. A., and D. T. Brown. 1993. Sindbis virus membrane fusion is
mediated by reduction of glycoprotein disulfide bridges and the cell surface.
J. Virol. 67:5496–5501.

2. Anthony, R. P., and D. T. Brown. 1991. Protein-protein interactions in an
alphavirus membrane. J. Virol. 65:1187–1194.

3. Anthony, R. P., A. M. Paredes, and D. T. Brown. 1992. Disulfide bonds are
essential for the stability of the Sindbis virus envelope. Virology 190:330–336.

4. Arias, C., J. R. Bell, E. M. Lenches, E. G. Strauss, and J. H. Strauss. 1983.
Sequence analysis of two mutants of Sindbis virus defective in the intracel-
lular transport of their glycoproteins. J. Mol. Biol. 168:87–102.

5. Blond-Elguindi, S., S. E. Cwirla, W. J. Dower, R. J. Lipshutz, S. R. Sprang,
J. F. Sambrook, and M.-J. Gething. 1993. Affinity panning of a library of
peptides displayed on bacteriophages reveals the binding specificity of BiP.
Cell 75:717–728.

6. Bonner, W. M., and R. A. Laskey. 1974. A film detection method for tritium-
labeled proteins and nucleic acids in polyacrylamide gels. Eur. J. Biochem.
46:83–88.

7. Braakman, I., J. Helenius, and A. Helenius. 1992. Role of ATP and disul-
phide bonds during protein folding in the endoplasmic reticulum. Nature
(London) 356:260–262.

8. Brodsky, J. L., and R. Schekman. 1994. Heat shock cognate proteins and
polypeptide translocation across the endoplasmic reticulum membrane, p.
85–109. In R. I. Morimoto, A. Tissières, and C. Georgopoulos (ed.), The
biology of heat shock proteins and molecular chaperones. Cold Spring Har-
bor Laboratory Press, Plainview, N.Y.

9. Burge, B. W., and E. R. Pfefferkorn. 1966. Complementation between tem-
perature-sensitive mutants of Sindbis virus. Virology 30:214–223.

10. Chang, G.-J. J., and D. W. Trent. 1987. Nucleotide sequence of the genome
region encoding the 26S mRNA of eastern equine encephalomyelitis virus
and the deduced amino acid sequence of the viral structural proteins. J. Gen.
Virol. 68:2129–2142.

11. Craig, E. A., B. D. Gambill, and R. J. Nelson. 1993. Heat shock proteins:
molecular chaperones of protein biogenesis. Microbiol. Rev. 57:402–414.

12. Creighton, T. E. 1984. Disulfide bond formation in proteins. Methods En-
zymol. 107:305–329.

13. Creighton, T. E. 1988. Disulfide bonds and protein stability. BioEssays 8:57–
63.

14. Dalgarno, L., C. M. Rice, and J. H. Strauss. 1983. Ross River virus 26S
RNA: complete nucleotide sequence and deduced sequence of the encoded
structural proteins. Virology 129:170–187.

15. de Silva, A., I. Braakman, and A. Helenius. 1993. Posttranslational folding of
vesicular stomatitis virus G protein in the ER: involvement of noncovalent
and covalent complexes. J. Cell Biol. 120:647–655.

16. Doms, R. W., R. A. Lamb, J. K. Rose, and A. Helenius. 1993. Folding and
assembly of viral membrane proteins. Virology 193:545–562.

17. Dorner, A. J., L. C. Wasley, and R. J. Kaufman. 1990. Protein dissociation
from GRP78 and secretion are blocked by depletion of cellular ATP levels.
Proc. Natl. Acad. Sci. USA 87:7429–7432.

18. Duda, E. 1975. Effect of cycloheximide on viral precursor protein B in
Sindbis virus-infected BHK cells. Med. Biol. 53:368–371.

19. Flynn, G. C., J. Pohl, M. T. Flocco, and J. E. Rothman. 1991. Peptide-binding
specificity of the molecular chaperone BiP. Nature (London) 353:726–730.

20. Garoff, H., A.-M. Frischauf, K. Simons, H. Lehrach, and H. Delius. 1980.
Nucleotide sequence of cDNA coding for Semliki Forest virus membrane
glycoproteins. Nature (London) 288:236–241.

21. Garry, R. F., E. T. Ulug, and H. R. Bose. 1983. Induction of stress proteins
in Sindbis virus- and vesicular stomatitis virus-infected cells. Virology 129:
319–332.

22. Gething, M.-J., S. Blond-Elguindi, K. Mori, and J. F. Sambrook. 1994.
Structure, function, and regulation of the endoplasmic reticulum chaperone,
BiP, p. 111–135. In R. I. Morimoto, A. Tissières, and C. Georgopoulos (ed.),
The biology of heat shock proteins and molecular chaperones. Cold Spring
Harbor Laboratory Press, Plainview, N.Y.

23. Gething, M.-J., and J. Sambrook. 1992. Protein folding in the cell. Nature
(London) 355:33–45.

24. Heytler, P. G. 1963. Uncoupling of oxidative phosphorylation by carbonyl
cyanide phenylhydrazones. I. Some characteristics of m-C1-CCP action on
mitochondria and chloroplasts. Biochemistry 2:357–361.

25. Hurtley, S., and A. Helenius. 1989. Protein oligomerization in the endoplas-
mic reticulum. Annu. Rev. Cell Biol. 5:277–307.

26. Kinney, R. M., B. J. B. Johnson, V. L. Brown, and D. W. Trent. 1986.
Nucleotide sequence of the 26S mRNA of the virulent Trinidad donkey
strain of Venezuelan equine encephalitis virus and deduced sequence of the
encoded structural proteins. Virology 152:400–413.

27. Knipfer, M. E., and D. T. Brown. 1989. Intracellular transport of the Sindbis
virus glycoproteins. Virology 170:117–122.

28. Knittler, M. R., and I. G. Haas. 1992. Interaction of BiP with newly synthe-
sized immunoglobulin light chain molecules: cycles of sequential binding and
release. EMBO J. 11:1573–1581.

29. Lee, H., and D. T. Brown. 1994. Mutations in an exposed domain of Sindbis
virus capsid protein result in the production of noninfectious virions and
morphological variants. Virology 202:390–400.

30. Levinson, R. S., J. H. Strauss, and E. G. Strauss. 1990. Complete sequence
of the genomic RNA of O’Nyong-nyong virus and its use in the construction
of alphavirus phylogenetic trees. Virology 175:110–123.

31. Lippencott-Schwartz, J., J. G. Donaldson, A. Schweizer, E. G. Berger, H.-P.
Hauri, L. C. Yuan, and R. D. Klausner. 1990. Microtubule-dependent ret-
rograde transport of proteins into the ER in the presence of brefeldin A
suggests an ER recycling pathway. Cell 60:821–836.

32. Liu, N., and D. T. Brown. 1993. Transient translocation of the cytoplasmic
(endo) domain of a type I membrane glycoprotein into cellular membranes.
J. Cell Biol. 120:877–883.

33. Lopez, S., J. S. Yao, R. J. Kuhn, E. G. Strauss, and J. H. Strauss. 1994.
Nucleocapsid-glycoprotein interactions required for assembly of alphavi-
ruses. J. Virol. 68:1316–1323.
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