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Rotavirus undergoes a unique mode of assembly in the rough endoplasmic reticulum (RER) of infected cells.
Luminal RER proteins undergo significant cotranslational and posttranslational modifications, including
disulfide bond formation. Addition of a reducing agent (dithiothreitol [DTTl) to rotavirus-infected cells did not
significantly inhibit translation or disrupt established disulfide bonds in rotavirus proteins but prevented the
formation of new disulfide bonds and infectious viral progeny. In DTT-treated, rotavirus-infected cells, all vp4,
vp6, and ns28 epitopes but no vp7 epitopes were detected by immunohistochemical staining with a panel of
monoclonal antibodies. When oxidizing conditions were reestablished in DTT-treated cells, intramolecular
disulfide bonds in vp7 were rapidly and correctly established with the restoration of antigenicity, although
prolonged DTT treatment led to the accumulation of permanently misfolded vp7. Electron microscopy revealed
that cytosolic assembly of single-shelled particles and budding into the ER was not affected by DTT treatment
but that outer capsid assembly was blocked, leading to the accumulation of single-shelled and enveloped
intermediate subviral particles in the RER lumen.

Rotavirus, a member of the Reoviridae, undergoes a unique
maturation process in the endoplasmic reticulum (ER). The
assembly process, which includes translocation of subviral
particles across the ER membrane and retention of mature
virus in the ER, has provided a system in which posttransla-
tional events, such as protein targeting and retention, can be
studied.
During viral maturation, single-shelled particles, assembled

from vpl, vp2, vp3, and vp6 in the cytoplasm, interact with
ns28, a virus-encoded transmembrane protein that resides in
the ER and that functions as a receptor for vp6 (5, 37). As the
single-shelled particle buds through the ER membrane, it
transiently acquires an ER membrane-derived envelope. It
appears that in the ER, the enveloped particle loses this
membrane and acquires an outer capsid, consisting of vp7 and
vp4 (1, 3). The mechanisms of translocation across the ER, loss
of the lipid envelope, and acquisition of properly folded outer
capsid proteins remain largely unresolved. In fact, the possi-
bility of an alternate assembly pathway that bypasses the
enveloped intermediate stage has recently been raised (48).
The rough ER (RER), where these events take place, is the

site for synthesis of resident and secretory proteins. In the
RER, proteins may acquire several posttranslational modifica-
tions, such as N- and 0-linked glycosylation, which are essen-
tial for the proper folding and maturation of some proteins
(17, 20). The ER is also a major intracellular calcium reservoir.
Calcium plays a prominent role in rotavirus maturation. Spe-
cifically, depletion of calcium from the ER blocks rotavirus
budding at the transient enveloped stage (44) and prevents the
formation of heterooligomers between vp7, vp4, and ns28 (35,
43). Calcium is required for the proper folding of vp7 (15), and
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baculovirus-expressed rotavirus ns28 alters intracellular cal-
cium levels (52).

It is well-known that proteins can fold spontaneously in vitro
(4), but it has recently been established that protein folding in
vivo is assisted (30) by at least two classes of proteins. Molecular
chaperones (22) recognize and stabilize partially folded inter-
mediates during polypeptide folding. Protein disulfide isomer-
ase, an ER-associated protein, promotes disulfide bond forma-
tion and facilitates the rapid reshuffling of incorrect disulfide
pairings (21). Disulfide bonds between cysteines are crucial for
the maintenance of folding and stability of many proteins (14,
50). In the case of influenza virus hemagglutinin, disulfide
bond formation and folding begin on the nascent polypeptide
chain (9). Other viral proteins, such parainfluenza virus hem-
agglutinin, fold and oligomerize before acquiring the correct
intramolecular disulfide bonds (11).
While the importance of calcium in rotavirus assembly and

antigenicity (15, 38, 43, 45) has been addressed, the importance
of disulfide bonds for rotavirus protein folding and assembly
has not been examined as thoroughly. Several researchers have
reported that the trimeric inner capsid protein of rotavirus,
vp6, contains disulfide bonds (8, 19, 24, 40, 44). Two disulfide
linkages have been mapped in the rotavirus spike protein, vp4
(40). The vp7 protein associated with and retained in the ER
has intramolecular disulfide bonds (24, 40). It has also been
suggested that disulfide bonds are responsible for the oli-
gomerization of ns28 (35).
While protein folding may be studied in vitro, such experi-

ments may not accurately reflect the process of protein folding
in the cell. Protein folding and disulfide bond formation can be
studied in vivo by adding a reducing agent such as dithiothrei-
tol (DTT) or ,B-mercaptoethanol to living cells (2, 10). It has
recently been reported that disulfide bond formation in the
asialoglycoprotein receptor, influenza virus hemagglutinin, ve-
sicular stomatitis virus G protein, and mouse hepatitis virus S
protein can be manipulated in this manner without blocking
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critical cellular functions (10, 13, 34, 39, 51). In the present
study, we have examined the importance of disulfide bond
formation during rotavirus replication by adding DTT to
rotavirus-infected cells.

MATERIALS AND METHODS

Cells, viruses, and antibodies. MA104 cells were grown in
medium 199 or Dulbecco's modified Eagle's minimal essential
medium supplemented with 10% fetal calf serum. Rhesus
rotavirus (RRV) was obtained from infected cells by freeze-
thawing. The monoclonal antibodies (MAbs) used in this study
are presented in Table 2 and include the following: 159, 4F8,
and 96 recognize vp7 and neutralize RRV (26, 47); M60
recognizes a cross-reacting, nonneutralizing epitope on vp7
(47); M2, M7, M11, 5D9, 5C4, lA9, 7A12, and 2G4 recognize
vp4 and neutralize RRV (36, 47); 255/60 recognizes trimeric
vp6 (25, 32), and B4/55 recognizes ns28 (42). GP962 and Rl
are hyperimmune guinea pig and rabbit sera against RRV,
respectively. MB7 is a polyclonal mouse serum that efficiently
immunoprecipitates RRV vp7.

Rotavirus infection, plaquing, HA, and antigen detection.
RRV was activated with 5,ug of trypsin per ml for 30 min at
37°C before inoculation of cultures. MA104 cells were infected
in serum-free medium. After a 1-h incubation, inoculae were
removed and replaced with fresh medium. The titers of RRV
were determined by a plaque assay on serum-free cell culture
medium with 0.6% agarose and 0.5,ug of trypsin per ml added.
Hemagglutination (HA) assays with human type 0 erythro-
cytes were performed as previously described (32). Rotavirus
antigen was detected by a previously described enzyme-linked
immunosorbent assay (ELISA) (16). Briefly, a rotavirus-in-
fected cell lysate was diluted 1:5 with phosphate-buffered
saline (PBS) and incubated overnight at 4°C in an ELISA
plate. Unsaturated binding sites were blocked with PBS and
10% fetal calf serum overnight at 4°C. Bound antigen was
detected by GP962 and peroxidase-linked goat antibody
against guinea pig immunoglobulin G (Kirkegaard and Perry
Laboratories, Gaithersburg, Md.).
Immunoperoxidase staining. Prior to fixation, rotavirus-

infected MA104 cell monolayers were incubated with ice-cold
PBS containing 40 mM N-ethylmaleimide (NEM) for 2 min to
prevent the rearrangement of disulfide bonds (12). Then, the
cells were fixed with 3% paraformaldehyde in PBS for 2 h at
room temperature, and the cell membranes were made per-
meable by treatment with 0.5% Triton X-100 in PBS for 10
min. PBS containing 0.2% bovine serum albumin (BSA) and
0.1% Triton X-100 was used to dilute the antibodies and to
wash the cells. Fixed monolayers were incubated with primary
antibody for 2 h at 37°C, washed twice, and then incubated with
peroxidase-labeled goat antibody against mouse immunoglob-
ulin G (Kirkegaard and Perry Laboratories) for 1 h at 37°C.
After two more washes, the cell layers were stained with
aminoethylcarbazole as previously described (28).

Metabolic labeling of infected-cell proteins. To produce
metabolically labeled lysates, MA104 cells were inoculated
with trypsin-activated RRV at a multiplicity of infection (MOI)
of 5. Infected cells were starved for 1 h in methionine-free
medium before pulse-labeling with 50 ,uCi of [35S]methionine
per ml for various periods. For chase experiments, the cell
layers were then washed and incubated with medium contain-
ing 10 mM methionine and 0.7 mM cycloheximide. At the end
of a radioactive pulse or after a chase, cells were incubated
with ice-cold PBS with 40 mM NEM for 2 min. Cells were then
lysed in ice-cold lysis buffer (10 mM Tris-HCl [pH 7.5], 150
mM NaCl, 1% Triton X-100, 0.5% sodium dodecyl sulfate

[SDS], 6 jig of leupeptin per ml, 3,ug of antipain per ml, 10,ug
of chymostatin per ml). Lysates were cleared of cell debris by
centrifugation at 13,000x g for 5 min in a microcentrifuge. To
obtain labeled proteins synthesized in the presence of DTT,
various amounts of DTT were added 5 min before the [35S]me-
thionine pulse and were maintained through the chase. In
reoxidation experiments, pulse-labeling in DTT-containing
medium was followed by two washes with and incubation in
DTT-free chase medium for various periods. To inhibit glyco-
sylation, 2 jig of tunicamycin (Boehringer Mannheim, India-
napolis, Ind.) per ml was added to the starvation, pulse, and
chase media.

Rotavirus purification. For virus purification, MA104 cells
were infected with RRV at an MOI of 5. From 4 to 10 h
postinfection (p.i.), the cells were incubated in methionine-free
medium supplemented with 100 ,iCi of [35S]methionine per
ml. The cells were harvested in serum-free medium at 20.5 h
after infection, frozen and thawed three times, and sonicated
briefly. The supernatant of a low-speed spin of the lysate
(13,000 x g for 5 min in a microcentrifuge) and a trichlorotri-
fluoroethane extract of the pellet resulting from low-speed
centrifugation were pooled and pelleted at high speed (287,500
x g) for 1 h in an SW55 rotor (Beckman Instruments, Palo
Alto, Calif.). This pellet was washed and resuspended in TNC
(10 mM Tris-Cl [pH 7.5], 100 mM NaCl, 1.5 mM CaCl2), and
the resulting solution was layered over a 1.37-g/ml CsCl
solution in TNC and centrifuged for 22.5 h at 85,500 x g at
20°C in an SW55 rotor. Fractions were collected by bottom
puncture, and fractions containing double-shelled rotavirus
particles were identified by scintillation counting and measure-
ment of refractive index.

Immunoprecipitation. Immunoprecipitation from radiola-
beled infected-cell lysates was performed essentially as previ-
ously described (49). Briefly, 50-jil portions of radiolabeled
lysates were incubated with 1 jil of antibody and 450 jil of
RIPA buffer (10 mM Tris-Cl [pH 7.5], 0.15 M NaCl, 0.6 M
KCl, 4 mM EDTA, 1% Triton X-100) overnight at 4°C. Then,
25 jil of Staphylococcus aureus protein A-Sepharose CL-4B
(Pharmacia, Uppsala, Sweden) was added to the mixture and
incubated for 1 h at room temperature on a rocker platform.
The protein A-Sepharose-coupled immune complexes were
pelleted at 13,000 x g for 30 s in a microcentrifuge and washed
four times in RIPA buffer and twice in 10 mM Tris-HCl (pH
8.0)-150 mM NaCl. The immune complexes were suspended in
30 jil of nonreducing sample buffer (10 mM Tris-HCl [pH 6.8],
0.5% SDS, 10% glycerol) or reducing sample buffer (nonre-
ducing sample buffer with 1% ,B-mercaptoethanol added).
Unless otherwise indicated, samples were boiled for 3 min
before separation by SDS-polyacrylamide gel electrophoresis
(PAGE).
SDS-PAGE. Polypeptide separation was performed by SDS-

PAGE using a 4.5% stacking gel and a 10% separation gel,
essentially as previously described (49). Electrophoresis was
carried out at a constant voltage of 65 V at room temperature,
followed by fixation with 10% (vol/vol) glacial acetic acid and
30% (vol/vol) methanol. Autoradiography was performed as
previously described (49). The apparent molecular weights
were determined by comparison of the relative mobilities of
the rotavirus polypeptides and molecular mass standards. The
standards used were "4C-methylated proteins (Amersham
Corp., Arlington Heights, Ill.): myosin 200,000 (200 kDa),
phosphorylase b (97.4 kDa), BSA (69 kDa), ovalbumin (46
kDa), carbonic anhydrase (30 kDa), and lysozyme (14.3 kDa).

Electron microscopy. Monolayers of MA104 cells in 5-cm-
diameter petri dishes were infected with RRV at an MOI of 5
and treated with DTT as described above. The monolayers
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TABLE 1. Effect of DTT treatment of rotavirus particles
on HA and infectivity"

DTT concn HA Infectivity
(mM) titer Titer Post-Ri titerc

0 2,564 3.5 x 107 2.0 x 104
1 1,282 2.1 x 107 4.1 X 104
5 1,282 NDd ND
10 1,282 2.3 x 107 5.6 x 104

aRRV samples were incubated with the indicated concentrations of DTT for
30 min at 37°C before the assay. The entire HA assay and absorption and cell
entry in the assay were performed in the presence of the indicated concentration
of DTT.
bHA titers are expressed as the reciprocal of the highest dilution showing

complete HA.
CTiter after 15-min incubation of virus with 1:1,000 dilution of Rl (rabbit

hyperimmune serum against RRV) in the presence of the indicated concentra-
tion of D1T.

d ND, not done.

were then fixed with 2.5% glutaraldehyde in 0.1 M cacodylate
buffer, pH 7.4. The cells were scraped off in the fixative and
pelleted at 10,000 X g for 2 min. Postfixation was performed in
1% osmium tetroxide for 1 h, followed by staining with uranyl
acetate. After dehydration, the samples were embedded in
Epon 812. Thin sections were examined with a Jeol CX-100 II
electron microscope.

RESULTS

Effects of DTT treatment of rotavirus particles on HA and
infectivity. To determine if the conditions that we used to study

1 2
l

VP1-

VP2- -

3 4 5

__ _-

vp7 synthesis affected rotavirus virions, RRV stocks were
treated with 1 to 10 mM DTT for 30 min at 37°C. Following
DYT treatment, the stocks were used in HA assays with the
indicated amounts of DTI present throughout the assay
(Table 1). Treatment with increasing amounts of DTT had no
significant effect on the HA titers of the stocks. The titers of
the DTT-treated stocks were also determined by a plaque
assay on MA104 cells. The different concentrations of DTT
were maintained in the medium for 30 min after inoculation to
maintain reducing conditions during viral absorption and
penetration, following which extracellular virus was inactivated
by incubating the monolayers for 15 min at 37°C in the
presence of DYT with a 1:1,000 dilution of Rl, a polyclonal
rabbit antiserum against RRV. The DTT-treated stocks showed
no significant decrease in titer relative to those of the non-
treated stocks (Table 1). No difference was noted in the ability
of a 1:1,000 dilution of Rl to neutralize extracellular virus in
the presence or absence of DTT (Table 1).

Effects of DTT treatment of virus particles on disulfide
bonds. Since the above DTT treatments did not affect RRV
HA or infectivity, we asked whether DT1 at the concentrations
employed reduced the disulfide bonds in the particles. [35S]me-
thionine-labeled, CsCl-purified, double-shelled, trypsinized
particles separated by nonreducing SDS-PAGE yielded the
expected pattern of viral structural proteins, except that the
vp6 band was heterogeneous (Fig. 1, lane 1). Treatment of the
particles with 20 mM NEM before nonreducing SDS-PAGE
analysis (Fig. 1, lane 2) resulted in tightening of the vp6 band,
indicating that in the absence of NEM, rearrangement of vp6
disulfide bonds occurs during sample preparation. Incubation
of the purified particles with 1 or 10 mM DTT for 30 min at
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FIG. 1. Effects of DTT on intact and disrupted purified rotavirus particles. [35S]methionine-labeled, CsCl-purified RRV particles were dialyzed
against TNC and trypsinized. Before the samples were boiled for 2 min and separated by SDS-PAGE, they were incubated under the following
conditions: 20 mM EDTA at room temperature (RT) for 5 min, nonreducing sample buffer (62.5 mM Tris-Cl [pH 6.8], 2% SDS, 20% glycerol,
0.002% bromphenol blue) at RT for 5 min, reducing sample buffer (with 0.5% ,-mercaptoethanol) at RT for 5 min, 1 or 10 mM DTT at 37°C for
30 min, and 20 mM NEM at 37°C for 3 min. The conditions applied to individual samples, listed in order of application, are as follows: nonreducing
sample buffer (lane 1); NEM and nonreducing sample buffer (lane 2); 1 mM DTT, NEM, and nonreducing sample buffer (lane 3); EDTA, 1 mM
DTT, NEM, and nonreducing sample buffer (lane 4); nonreducing sample buffer, EDTA, 1 mM DTT, and NEM (lane 5); 10 mM DTTI, NEM,
and nonreducing sample buffer (lane 6); EDTA, 10 mM DTT, NEM, and nonreducing sample buffer (lane 7); nonreducing sample buffer, EDTA,
10 mM DTT, and NEM (lane 8); and reducing sample buffer (lane 9). Molecular weight markers (in thousands [K]) in reducing sample buffer are
shown in lane MW.
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FIG. 2. Effects of in vivo DTT treatment on rotavirus antigen and
infectious yield from RRV-infected MA104 cells. MA104 cells were
infected with RRV at an MOI of 5. An aliquot of the inoculum was
treated with 20 mM NEM for 3 min at room temperature, then diluted
to 250 p.1 in cell culture medium, and set aside for antigen and
infectivity assays (0-h sample). At 1 h p.i., the infected monolayers
were washed and incubated with a 1:500 dilution of Rl, a hyperim-
mune rabbit serum against RRV, at 37°C for 1 h. At 2 h p.i., all
monolayers were washed three times with medium. One infected
monolayer was then treated with 20 mM NEM in cell culture medium
and harvested in 250 ,ul of medium (2-h sample). The remaining
infected monolayers were treated with 1 mM DTT from 2 to 9 h p.i. or
with 1 mM DTT from 8 h 50 min p.i. to 9 h p.i. or were left untreated.
These monolayers were treated with NEM and harvested at 9 h p.i. as
described above (9-h samples). All samples were freeze-thawed three
times and trypsinized before further analysis. (A) Antigen yield
determined by direct coat ELISA reported as A490 units above the
average, value obtained by using ELISA buffer alone and an unin-
fected MA104 cell lysate for antigen. (B) Infectious virus yield,
determined by plaque assay.

TABLE 2. Immunoperoxidase staining of RRV-infected,
DTf-treated MA104 cellsa

Staining after DTT treatment
MlAb Protein

detected' 10-min, 1-5 mM, 10 min, 1-25 mM, 0.5 mM,
12 h p.i. 7 h p.i. 2-7 h p.i.

B4/55 ns28 + + (+)
255/60 vp6 + + +
2G4 vp4 (vp5) + + +
M2 vp4 (vp5) + + +
M7 vp4 (vp5) + + +
5D9 vp4 (vp8) + + +
5C4 vp4 (vp8) + + +
1A9 vp4 (vp8) + + (+)
Mul vp4 (vp8) + + +
7A12 vp4 (vp8) + + +
M60 vp7 + + -
4C3 vp7 + + -
159 vp7 + + -

4F8 vp7 + + -

a Cells were treated with NEM, fixed, and immunoperoxidase stained imme-
diately after DIT treatment, as described in Materials and Methods.

b vp5 and vp8 are trypsin cleavage products of vp4.
Symbols: +, more than 30% of staining observed in non-DTr-treated

controls. (+), 2 to 30% of staining in controls, -, less than 2% of staining in
controls.

37°C before the addition of 20 mM NEM caused no shift in the
mobility of rotavirus structural proteins (Fig. 1, lanes 3 and 6).
To determine whether only proteins in intact particles

showed this resistance to DTT treatment, the particles were
disrupted by incubation in SDS-containing nonreducing sam-
ple buffer with 20 mM EDTA added before DTT and NEM
treatment. With these dissociated rotavirus structural proteins,
1 mM DTT treatment (Fig. 1, lane 5) caused only a slight
dispersion of the vp7 band; 10 mM DTT treatment (Fig. 1, lane
8) caused a shift to a slightly greater mobility in the major vp7
band and the appearance of a minor band with retarded
mobility on an SDS-polyacrylamide gel. This minor vp7 band
comigrated with the major fully reduced vp7 band obtained by
boiling the sample in the presence of 0.5% ,-mercaptoethanol
and in the absence of NEM (Fig. 1, lane 9). When particles
were treated with EDTA in the absence of SDS-containing
sample buffer, the solubilized outer capsid proteins were
degraded by trypsin (Fig. 1, lanes 4 and 7). It appears that
established disulfide bonds in rotavirus particles were resistant
to DTT at the concentrations used. There was a modest
increase in the sensitivity of vp7 disulfide bonds to DTT
treatment upon particle disruption, possibly because confor-
mational changes in vp7 induced by detergent (in the sample
buffer) or calcium chelation make its disulfide bonds more
accessible to reduction. The decreased mobility of fully re-
duced vp7 suggests that intramolecular disulfide bonds in vp7
cause it to assume a more compact structure.
DTT treatment of rotavirus-infected cells blocks production

of infectious rotavirus. Preliminary experiments confirmed
that as has been observed in other cell types (10, 51), DTT
treatment did not prevent protein translation in MA104 cells
or reduce cell viability (data not shown). Given that 1 mM
DTI treatment did not significantly inhibit protein synthesis in
MA104 cells or disrupt established disulfide bonds in rotavirus
particles, we examined the effects of 1 mM DPT treatment
from 2 to 9 h p.i. on the production of rotavirus antigen and
rotavirus infectious particles from RRV-infected MA104 cells
(MOI of 5). Aliquots of the same samples were used for the
determination of antigen and infectious particle yields. In vivo

A

1-

-0- NoDT1

0*0--0* I mM DTT, 8 hr 50 min-9 hr p.i.
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FIG. 3. Immunoperoxidase staining of DTT-treated and non-DYT-treated RRV-infected MA104 cells. MA104 cells were infected with RRV

at an MOI of 0.1. For DYT treatment, cells were incubated in medium containing 0.5 mM DTY from 2 to 7 h p.i. All monolayers were washed
with ice-cold PBS containing 40 mM NEM before paraformaldehyde fixation at 7 h p.i. and immunoperoxidase staining. (a) No DYT, stained with
MAb M60 (vp7 specific). (b) Treated DYT with and stained with MAb M60. (c) No DYT, stained with MAb 255/60 (vp6 specific). (d) Treated with
DTY and stained with MAb 255/60.

DTT treatment during infection caused only a moderate drop
in the yield of rotavirus antigen detected by ELISA (Fig. 2A);
however, this treatment caused a 4.1-log-unit drop in the yield
of infectious rotavirus particles detected in a plaque assay (Fig.
2B). A 10-min pulse of 1 mM DTT just before harvesting had
little effect on the yield of viral antigen (Fig. 2A) or infectious
viral particles (Fig. 2B). Therefore, it appears that DTT
treatment of infected cells blocked viral assembly without
disrupting already assembled particles and without severely
affecting total viral protein synthesis.
Treatment of rotavirus-infected cells with DYT alters the

antigenicity of the ER-associated vp7. To define the block to
rotavirus assembly in greater detail, the effect of DTT on the
antigenicity of RRV proteins was examined. Specifically,
RRV-infected MA104 cells were treated with DTT, briefly
incubated with 20 to 40 mM NEM, fixed with paraformalde-
hyde, and immunoperoxidase stained with several MAbs

against rotavirus proteins. A 10-min pulse with 1 mM DTT
followed directly by NEM treatment and fixation at 7 or 12 h
p.i. did not significantly reduce staining for the epitopes
recognized by vp4-, vp6-, vp7- or ns28-specific MAbs (Table 2).
Incubation with 0.5 mM DTT from 2 h p.i. until fixation at 7 h
p.i. caused only a modest decrease in staining for epitopes
present on vp4 and vp6 (Table 2 and Fig. 3). This modest drop
in staining is consistent with the moderate decrease in ELISA-
detectable rotavirus antigen observed after prolonged DTT
treatment (Fig. 2A). In contrast, addition of 0.5 mM DTT to
infected cells from 2 h p.i. until NEM treatment and fixation at
7 h p.i. eliminated all staining with neutralizing and nonneu-
tralizing MAbs against vp7 (Table 2 and Fig. 3). The vp4-
specific epitope recognized by MAb 1A9 and the ns28 epitope
recognized by MAb B4 showed intermediate levels of loss
upon DTT treatment (Table 2). The loss of not only the
calcium-dependent vp7 epitopes recognized by neutralizing

J. VIROL.
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MAbs 159, 4C3, and 4F8 but also the calcium-independent vp7
epitope recognized by nonneutralizing MAb M60 was surpris-
ing, since the latter epitope is resistant to SDS treatment and
methanol fixation (16). The absence of an effect of DTT
treatment late in infection on vp7 antigenicity confirms that
established disulfide bonds in rotavirus structural proteins are
resistant to reduction by modest concentrations of DTT.
SDS-PAGE analysis of rotavirus protein synthesis in the

presence of DIT. To further explore the effects of DPT
treatment of rotavirus-infected cells on individual rotavirus
proteins, radiolabeled RRV-infected MA104 cell lysates were
produced by adding 1 mM DPT to infected cells 5 -min before
a radioactive pulse and maintaining DPT through the pulse
and chase periods. Radiolabeled rotavirus proteins from these
lysates and from lysates of non-DPT-treated controls were
analyzed by nonreducing SDS-PAGE, reducing SDS-PAGE,
and reducing SDS-PAGE and immunoprecipitation (Fig. 4A,
B, and C, respectively). When proteins in nonboiled lysates

FIG. 4. SDS-PAGE and immunoprecipitation analysis of the effect
of in vivo DTT treatment on nascent rotavirus proteins. At 7 h p.i.,
RRV-infected MA104 cells (MOI of 5) were starved for 1 h in
methionine-free medium. Five minutes before a 10-min pulse with 50

i,Ci of [35S]methionine, 1 mM DTI was added to the medium of some
monolayers (+) and was maintained through the pulse and chase
periods. To examine posttranslational processing, labeled proteins

4 -46 were chased in Dulbecco's modified Eagle's minimal essential medium
containing 10 mM methionine and 0.7 mM cycloheximide, with (+) or
without (-) 1 mM DlT, for the lengths of time (in minutes) indicated
over the lanes. At the end of the chase, monolayers were incubated

4 30
with ice-cold PBS with 40 mM NEM for 2 min. Lysates were then
harvested in lysis buffer. (A) SDS-PAGE under nonreducing condi-
tions. Cell lysates were mixed with nonreducing sample buffer and
directly loaded on gels without boiling. VD6t denotes trimeric vp6.
"vp7" refers to vp7 translated in the presence of DlT-. (B) SDS-PAGE
under reducing conditions. Cell lysates were mixed with reducing
sample buffer and boiled for 3 min before loading. Open arrowheads
indicate vp7 produced after a 120-min chase with or without DTT. (C)
Reducing SDS-PAGE of immunoprecipitated vp7. Rotavirus proteins
were immunoprecipitated from the lysates with antibodies (Ab), i.e., a
hyperimmune mouse antiserum, MB7 (B), or a nonneutralizing vp7-
specific MAb, M60 (60). Immunoprecipitated proteins were mixed
with reducing sample buffer and boiled for 3 min before loading. The
positions of molecular mass markers (in kilodaltons) are indicated to
the right of the gels. vp3/4, vp3 and vp4; ns34/35, ns34 and ns35.

from DTI-treated cells were analyzed by nonreducing SDS-
PAGE, vp6 remained multimeric (Fig. 4A), suggesting that
disulfide bonds were not required for trimer formation or that
disulfide bonds were maintained despite DTI' treatment dur-
ing vp6 synthesis and oligomerization. Preventing the forma-
tion of disulfide bonds on nascent vp7, on the other hand, had
a pronounced effect on its conformation (Fig. 4A). In lysates
produced in non-DIT-treated cells, vp7 with disulfide bonds
comigrated with ns34 and ns35 (Fig. 4A). DPT treatment
of the cells prevented the formation of disulfide bonds on
vp7, resulting in a decrease in its electrophoretic mobility, like
that seen upon boiling vp7 in 0.5% 3-mercaptoethanol (Fig. 1,
lane 9).
When the rotavirus-infected, radiolabeled cell lysates were

reduced by boiling in 0.5% ,-mercaptoethanol before SDS-
PAGE analysis (Fig. 4B), there remained small differences in
the electrophoretic mobilities of DPT-treated and non-DPT-
treated vp7. Specifically, while the electrophoretic mobility of
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FIG. 5. Effect of in vivo reduction on the glycosylation of rotavirus
proteins. At 7 h p.i., rotavirus-infected cells were starved for 1 h in
methionine-free medium with (+) or without (-) 2 pug of tunicamycin
(TM) per ml. Five minutes before a 10-min pulse with 50 jiCi of
[35S]methionine, 1 mM DTT was added to the medium. Labeled
proteins were chased with Dulbecco's modified Eagle's minimal essen-
tial medium supplemented with 10 mM methionine, 0.7 mM cyclohex-
imide, and 1 mM DTT. After the 5-min (5') or 30-min (30') chase, cells
were briefly incubated with 20 mM NEM in PBS, lysed, and separated
by SDS-PAGE under reducing conditions. The positions of molecular
mass markers (in kilodaltons) are indicated to the right of the gel.
Filled arrowheads indicate glycosylated forms and empty arrowheads
indicate precursor forms of vp7 (vp7P) and ns28 (ns28P). vp3/4, vp3
and vp4.

vp7 from DTT-treated cells remained constant through the
chase period, the mobility of vp7 from non-DTT-treated cells
increased during the chase period (Fig. 4B). The difference in
migration between DTT-treated and non-DTT-treated vp7 was
confirmed by measuring their migration relative to that of vp6
on the negative. While DTT-treated vp7 migrated 6 mm
further than vp6 did, non-DTT-treated vp7 migrated 8 mm
further. This increase in the mobility of non-DTT-treated vp7
during a chase period has been observed previously and
reflects the trimming of the oligosaccharide side chain of vp7
(31). As expected, no trimeric vp6 was observed in the boiled
samples separated by reducing SDS-PAGE.
To examine the antigenicity of vp7 in these lysates, the vp7

protein was immunoprecipitated with the nonneutralizing
MAb M60 or with the polyclonal antiserum MB7 and was
analyzed by reducing SDS-PAGE. DTT treatment during
rotavirus protein synthesis eliminated the M60 epitope on vp7
(Fig. 4C). M60 efficiently immunoprecipitates non-DYT-
treated vp7 (Fig. 4C), indicating that the M60 epitope is
dependent on a vp7 conformation requiring disulfide bonds.
The loss of M60-precipitable vp7 does not reflect degradation
of vp7, since the reduced protein was efficiently immunopre-
cipitated by the polyclonal antiserum MB7 (Fig. 4C). Appar-
ently, MB7 recognized non-disulfide-dependent vp7 epitopes.

Glycosylation of rotavirus proteins in the presence of DTY.
To determine if DYT treatment prevented N-linked glycosyla-
tion of rotavirus glycoprotein, tunicamycin (2 ,ug/ml) was
added to methionine-free medium 1 h before metabolic pulse-

4"o-6vp6-"!n~b- vvp7--

-3C

m

-30

FIG. 6. Analysis of intracellular reoxidation of rotavirus proteins by
nonreducing SDS-PAGE and immunoprecipitation. At 7 h p.i., RRV-
infected cells were methionine starved for 1 h, followed by a 10-min
(10') or 70-min (70') (indicated to the left of the oxidation brackets
above the lanes) [35S]methionine pulse (50 ,uCi/ml) in the presence of
1 mM DTT. Cells were either lysed immediately after the pulse or
reoxidized in cell culture medium containing 10 mM added methionine
and 0.7 mM cycloheximide for 5, 30, or 60 min (5', 30', or 60',
respectively) (indicated under the oxidation brackets) before lysis.
Before lysis, monolayers were washed with ice-cold PBS-40mM NEM.
(A) Proteins were separated by SDS-PAGE after boiling for 3 min in
nonreducing sample buffer. (B) Proteins were immunoprecipitated
from the lysate with a polyclonal mouse serum recognizing RRV vp7,
MB7 (B), or with the nonneutralizing MAb against VP7, M60 (60),
and were separated by reducing SDS-PAGE. The positions of molec-
ular mass markers (in kilodaltons) are indicated to the right of the gels.
vp3/4, vp3 and vp4; ns34/35, ns34 and ns35.

labeling with [35S]methionine in the presence of DTY and
tunicamycin. vp7 and ns28 synthesized in the presence of 1 mM
DTT but in the absence of tunicamycin migrated more slowly
by reducing SDS-PAGE than did vp7 and ns28 synthesized in
the presence of both DTT and tunicamycin (Fig. 5). These
results indicate that disulfide bond formation in vp7 was not a
prerequisite for its glycosylation and that dolichol phosphate
transfer occurred in the presence of DTY. By comparison to
Fig. 4B, there appears to have been some degradation of the
vp7 in the lysates of both the tunicamycin-treated and non-
tunicamycin-treated cells.
We had attributed the differences in reducing SDS-PAGE

mobilities between DTT-treated and non-DTT-treated vp7
that emerged during a chase period (Fig. 4B) to differences in
the trimming of the oligosaccharide side chain of vp7. Con-
firming this, metabolically labeled vp7, synthesized and chased
for 120 min in the presence or absence of DTT, comigrated
after endoglycosidase H treatment (data not shown).

Intracellular reoxidation restores the disulfide bonds and
antigenicity of vp7. To determine if intracellular reoxidation
could restore the folding and antigenicity of DTT-treated vp7,

J. VIROL.
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FIG. 7. Reducing SDS-PAGE of intracellularly reoxidized rotavi-
rus proteins. At 7 h p.i., RRV-infected cells were methionine starved
for 1 h and then treated with a 10-min [35S]methionine pulse (50
,uCi/ml) in the presence (+) or absence (-) of 1 mM DT'. Cells were
either lysed immediately after the pulse or reoxidized in cell culture
medium containing 10 mM added methionine and 0.7 mM cyclohexi-
mide for 5 to 180 min (as indicated over the lanes). Before lysis,
monolayers were washed with ice-cold PBS-40 mM NEM. Samples
were boiled for 3 min in reducing sample buffer before separation by
SDS-PAGE. VP3/4, vp3 and vp4.

synthesized in the presence or absence of DTT comigrated,
although both proteins migrated further than vp6 and ns35 did
after the chase period, reflecting trimming of the vp7 oligosac-
charide side chain. However, at intermediate periods of oxi-
dizing chase (5, 30, 60, and 120 min), the vp7 synthesized in the
absence of DTT migrated more quickly than the vp7 synthe-
sized in the presence of DTT (Fig. 7). These results suggest an
approximately 60-min lag in the trimming of vp7 synthesized in
the presence of DTT. DTT treatment of RRV-infected cells
for 30 min before pulse-labeling in the absence of DTT did not
affect the trimming of the pulse-labeled vp7, indicating that
DTT treatment of vp7, not of the trimming enzymes, was
responsible for the lag in the processing of DTI-treated vp7
(data not shown).

Intracellular DOT treatment blocks assembly of outer cap-
sid proteins into mature 70-nm double-shelled particles. The
effect of DTT treatment of rotavirus-infected MA104 cells on
viral assembly was studied by electron microscopy. In samples
fixed after treatment with 1 mM DTT from 6 to 9 h p.i.,
morphologically normal single-shelled particles were seen bud-
ding into the RER (Fig. 8A and B). A distinctive feature of the
DTT-treated samples was the accumulation of 90- to 100-nm-
enveloped particles in the RER (Fig. 8A, arrows) and the
presence in the RER of 50-nm-particles with a ring-shaped
appearance (Fig. 8B, arrows). This contrasts with the non-
DTT-treated sample (Fig. 8C) in which most of the particles in
the RER were of the 70-nm-double-shelled type, and relatively
few enveloped particles were present. Given the accumulation
of enveloped intermediate and single-shelled particles but not
double-shelled particles in the RER of DTT-treated cells, it
appears that DTT treatment of rotavirus-infected cells halted
rotavirus maturation at the enveloped intermediate stage.

rotavirus-infected cells were metabolically pulse-labeled dur-
ing DYT treatment, washed, and incubated in DYT-free chase
medium for the indicated times (Fig. 6). Upon separation by
nonreducing SDS-PAGE, reduced vp7 was identifiable in a
lysate produced 5 min after a 10-min pulse-labeling in the
presence of 1 mM DYT (Fig. 6A). However, after 30- and
60-min DYT-free chase periods, vp7 was no longer identifiable
by nonreducing SDS-PAGE (Fig. 6A). The most likely expla-
nation for the apparent loss of vp7 is that it had reoxidized and
comigrated with ns34 and ns35 (as seen in Fig. 4A). When vp7
was pulse-labeled at the beginning of a 70-min DYT treatment,
it remained identifiable by nonreducing SDS-PAGE through-
out a 60-min DYT-free chase period (Fig. 6A). This result
suggested that after 70 min of DlT treatment, vp7 was

permanently misfolded and could no longer be fully oxidized to
form a compact structure that comigrated with ns34 and ns35.
To test the above hypotheses and assay the antigenicity of

reoxidized vp7, proteins were immunoprecipitated from the
above lysates with M60 (a MAb that recognizes oxidized vp7)
and MB7 (a polyclonal antiserum that recognizes vp7) and
analyzed by reducing SDS-PAGE (Fig. 6B). The M60 epitope
on vp7 treated with 1 mM DT! for 10 min was rapidly restored
by a chase under nonreducing conditions (Fig. 6B). On the
other hand, after 1 mM DIT treatment of vp7 for 70 min, little
formation of the M60 epitope occurred during reoxidation.
To rule out the possibility that degradation of DYT-treated

vp7 during the reoxidation period caused its disappearance on
a gel under nonreducing conditions (Fig. 6A), vp7 was pulse-
labeled for 10 min in the presence of 1 mM DYTT, chased in the
absence of DTT, and separated by reducing SDS-PAGE (Fig.
7). No significant degradation of vp7 was seen over a 180-min
chase period (Fig. 7). At 0 and 180 min of oxidizing chase, vp7

DISCUSSION

Treatment of purified rotavirus particles with 1 to 10 mM
DTT did not inhibit HA or early steps in viral replication (cell
binding and entry; Table 1). Given that treatment of SAl1
rotavirus particles with sodium sulfite, a reagent that breaks
disulfide bonds, eliminates HA (7), we hypothesized that DTT
treatment failed to break rotavirus disulfide bonds. In fact,
established disulfide bonds in rotavirus particles were resistant
to reduction by 1 to 10 mM DTT at 37°C (Fig. 1, lanes 3 and
6). Relative resistance to reduction has been observed in other
viral proteins, such as trimeric influenza virus HA, particularly
when DTI' treatment is performed in the extracellular envi-
ronment (51).

In contrast to the insensitivity of assembled rotavirus parti-
cles to DTT treatment, DTT treatment of rotavirus-infected
cells starting at 2 h p.i. blocked production of infectious
rotavirus particles, but not rotavirus antigen (Fig. 2). This
finding suggested that intracellular DTT treatment blocked
rotavirus assembly. To explore the nature of this block, we
examined the effect of in vivo DTT treatment on individual
rotavirus proteins by immunohistochemical staining (Table 2
and Fig. 3). While epitopes on rotavirus proteins vp4, vp6, and
ns28 formed in the presence of DTT, conformationally deter-
mined neutralization epitopes and an SDS-resistant nonneu-
tralizing epitope on the ER-resident glycoprotein vp7 failed to
form in the presence of DTT.

Similarly, by SDS-PAGE, the effect of intracellular DYT
treatment was most pronounced on vp7. A brief DTr pulse did
not prevent the synthesis of vp7 but did prevent the formation
of its SDS-PAGE-detectable disulfide bonds (Fig. 4). Reduced
influenza virus hemagglutinin can be reoxidized, allowing
trimerization and reestablishment of correct epitopes (10).

-11111111. -M ..",0
4-0w;lWE 46 low-

-_

VOL. 68, 1994



A

;% -712LgIF"i9%r j :W .....sTs'''h-'e4>

FIG. 8. Electron micrographs of DTT-treated or non-DTT-treated, RRV-infected MA104 cells. DTT-treated cells were incubated from 4 to
9 h p.i. in medium containing 1 mM DTT. The cells were fixed and processed for electron microscopy as described in Materials and Methods. Bars,
200 nm. (A) DTT-treated, RRV-infected MA104 cells. Note that single-shelled particles bud through the ER membrane to form enveloped
intermediate particles (arrows). (B) DTT-treated, RRV-infected MA104 cells. Note the accumulation of 50-nm single-shelled-like particles in the
lumen of the ER (arrows). (C) RRV-infected MA104 cells not treated with DTIT.
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Likewise, reoxidation of vp7 restored its antigenicity and
proper mobility by nonreducing SDS-PAGE (Fig. 6). On the
other hand, prolonged DTT treatment led to the accumulation
of permanently misfolded vp7 (Fig. 6). The restoration of
disulfide bonds following reduction demonstrates that disulfide
bonds of vp7 can form posttranslationally.
DTT reduction did not inhibit N-linked glycosylation of

either vp7 or ns28 (Fig. 5), consistent with results obtained in
other systems (10, 13, 39). In the ER of rotavirus-infected cells,
the high-mannose side chain of vp7 is trimmed (18, 31),
resulting in a gradual increase in its electrophoretic mobility.
Although vp7 expressed in DTT-treated cells was glycosylated,
it failed to increase its mobility during a chase in the presence
of DTT (Fig. 4B), indicating a lack of trimming. When vp7
synthesized in the presence of DTr was reoxidized, its trim-
ming was delayed for approximately 60 min relative to that of
non-DTT-treated vp7 (Fig. 7). These results suggest that
trimming of vp7 oligosaccharide side chain occurs only after
the formation of disulfide bonds.

Inhibition of the processing of the vp7 oligosaccharide side
chain has also been observed in cells depleted of calcium with
a calcium ionophore and in cells incubated with manganese, a
calcium competitor (43). Since vp7 undergoes a calcium-depen-
dent conformational change to acquire neutralizing epitopes (15),
the final folding of vp7 was likely blocked by calcium iono-
phore or manganese treatment of infected cells. Furthermore,
energy-dependent transport of vp7 to an ER subcompartment
may be required for vp7 trimming (31). These data suggest that
disulfide-bonded, calcium-bound, fully folded vp7 may be
selectively processed by ER mannosidases, perhaps following
transport to an ER subcompartment.
While in vivo DTT treatment had dramatic effects on vp7, its

effects on other rotavirus proteins were more subtle. Immuno-
peroxidase staining for the 1A9 epitope on vp4 and the B4/55
epitope on ns28 were diminished but not eliminated in DTT-
treated, RRV-infected MA104 cells (Table 2). While no
dramatic shifts in the electrophoretic mobilities of these pro-
teins by nonreducing SDS-PAGE were noted upon DTT
treatment of infected cells, we cannot rule out the possibility of
more subtle effects not apparent on the gels. For example, on
polyacrylamide gels with a low percentage of polyacrylamide,
we have observed in vitro reduction-induced shifts in the
mobility of vp4 produced in RRV-infected cells treated with
NEM before lysis (data not shown), consistent with intramo-
lecular disulfide bonding. Two disulfide bonds have been
mapped in vp4 from RRV-infected cells lysed with buffer
containing iodoacetamide, a sulfhydryl blocking agent (40).
The smaller effect of DTT treatment on vp4 than on vp7 may
reflect a less essential role for disulfide bonds in the structure
and function of vp4. Some infectious strains of rotavirus lack
disulfide bonds either from the vp8 or vp5 trypsin cleavage
fragments of vp4 (27, 40). In addition, it has been hypothesized
that vp4 is added to nascent rotavirus particles in the cytoplasm
(46), where the environment is too reducing to permit any but
the most stable disulfide linkages to form (23). Therefore,
disulfide bonds in vp4 may not be necessary for its assembly
into particles.

Various researchers have found evidence for disulfide bonds
in the rotavirus major inner capsid protein, vp6. Some evidence
suggests intramolecular disulfide bonds (24, 40), while other
evidence suggests intermolecular bonds (8, 19, 44). When we
analyzed non-NEM-treated, purified particles by nonreducing
SDS-PAGE, we saw evidence for multiple forms of vp6
differing in their intramolecular disulfide bonds (Fig. 1, lane 1);
however, when free sulfhydryl groups were alkylated by treat-
ing the particles with NEM before disruption, only one form of

vp6 was detected (Fig. 1, lane 2). In addition, we did not
observe major differences in the nonreducing SDS-PAGE
mobilities of vp6 obtained from DTT-treated and non-DTI-
treated, RRV-infected MA104 cells (Fig. 4A and 6A). It is
apparent that artifactual disulfide bonds readily form in vp6
during sample preparation, potentially accounting for the
variability in the nature of vp6 disulfide bonds observed in
previous studies, most of which have not employed agents that
block free sulfhydryl groups. Nevertheless, on selected autora-
diograms (data not shown), we have noted that boiling in
1-mercaptoethanol slightly sharpens the band formed by
NEM- or iodoacetamide-treated vp6, consistent with, though
not conclusive for, the presence of intramolecular disulfide
bonding in vp6. One previous study, which did employ a free
sulfhydryl blocking agent (iodoacetamide), found evidence for
intramolecular disulfide bonds in vp6 (40).

In any case, the vp6 trimer-specific MAb 255/60 (25, 33)
bound vp6 synthesized in DTT-treated cells (Fig. 3), and
nonboiled vp6 from DTT-treated cells migrated as a multimer,
probably a trimer, by nonreducing SDS-PAGE (Fig. 4A).
These results indicate that disulfide bonds are not required for
trimer formation, consistent with the observation that estab-
lished vp6 multimers are not disrupted by ,-mercaptoethanol
(24). If mature vp6, in fact, contains disulfide bonds, they likely
form during the single-shelled particle's transit through the ER
or extracellularly.

Electron microscopy further illuminated the role of disulfide
bonds in rotavirus maturation (Fig. 8). In DPT-treated cells,
single-shelled particles appeared to form properly and budded
through the ER membrane, a process mediated by ns28, a
virus-encoded ER transmembrane protein (5, 37). The trans-
located particles acquired an ER-derived membrane, but con-
sistent with the block to vp7 antigenic maturation, no double-
shelled particles were observed. Rather, membrane-enveloped
intermediate particles accumulated. A similar block at the
enveloped intermediate stage has been observed in tunicamy-
cin-treated cells and in calcium ionophore-treated cells (41,
43). A recent electron micrographic study (48) has raised the
possibility that enveloped particles are actually in a dead-end
pathway and that outer capsid assembly occurs on single-
shelled particles that directly penetrate the ER membrane.
Future biochemical studies involving treatments, such as DTI'
treatment, that cause enveloped intermediate particles to
accumulate may clarify the product-precursor relationships
among the observed ER-associated subviral particles.

In summary, we observed that in vivo DPT treatment of
RRV-infected cells inhibited vp7 antigenic maturation, trim-
ming of oligosaccharides on vp7, and formation of the rotavi-
rus outer capsid. All of these processes take place in the ER,
consistent with the generalization that the ER is the site of
disulfide bond formation for cellular proteins (6, 29). vp7
antigenic maturation involves a calcium-dependent folding
from a form recognized only by nonneutralizing MAbs, such as
M60, to a form like that on the outer capsid, presenting a full
range of neutralizing epitopes (15, 16). Since the M60 epitope
on vp7 is disulfide bond dependent, these experiments estab-
lish that disulfide bond formation precedes the calcium-depen-
dent folding of vp7. Since the process of outer capsid forma-
tion remains incompletely understood, it is possible that effects
of DPT on proteins other than vp7 contribute to the DPT-
induced block of rotavirus maturation at the enveloped inter-
mediate stage.
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