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It is well established that glycosylation is essential for assembly of enveloped viruses, but no information is
yet available as to the function of carbohydrates on the nonenveloped but glycosylated rotavirus. We show that
tunicamycin and, more pronouncedly, a combination of tunicamycin and brefeldin A treatment caused mis-
folding of the luminal VP7 protein, leading to interdisulfide bond aggregation. While formation of VP7 aggre-
gates could be prevented under reducing conditions, they reoccurred in less than 30 min after a shift to an
oxidizing milieu. Furthermore, while glycosylated VP7 interacted during maturation with protein disulfide isom-
erase, nonglycosylated VP7 did not, suggesting that glycosylation is a prerequisite for protein disulfide isom-
erase interaction. While native NSP4, which does not possess S-S bonds, was not dependent on N-linked gly-
cosylation or on protein disulfide isomerase assistance for maturation, nonglycosylated NSP4 was surprisingly
found to interact with protein disulfide isomerase, further suggesting that protein disulfide isomerase can act
both as an enzyme and as a chaperone. In conclusion, our data suggest that the major function of carbohy-
drates on VP7 is to facilitate correct disulfide bond formation and protein folding.

Several studies have shown that glycosylation and oligosac-
charide trimming in the endoplasmic reticulum (ER) are re-
quired for proper folding and assembly of secretory proteins
(9, 11, 17). Without oligosaccharides, many glycoproteins mis-
fold, aggregate, and are degraded without transport from the
ER to the Golgi complex and beyond (11). While the require-
ments for glycosylation are well documented for cellular and
viral proteins that traverse the secretory pathway, it has not
been established how critical these modifications are for mat-
uration of either ER resident proteins or for the nonenveloped
rotavirus.

Rotavirus is one of the very few viruses that utilizes the ER
for assembly and has therefore been an attractive model with
which to study ER translocation, retention, and protein folding
(1, 18, 20, 23, 28). Of the 12 structural and nonstructural pro-
teins of rotavirus, two have been of particular interest from the
viral assembly point of view. The outer capsid VP7 protein is
an integral membrane polypeptide with luminal orientation
that contains only N-linked high-mannose oligosaccharide res-
idues (7). The ER retention motif of VP7, which does not
include KDEL or lysine residues, has been the focus of
numerous studies, and more recent data propose that three
amino acids in the amino terminus are involved in ER reten-
tion (18). We and others have previously shown that calcium
and disulfide bonds are required for infectivity and correct
folding of VP7 (6, 23, 25, 28, 29) and that VP7, which is
normally endo-B-N-acetylglucosaminidase H sensitive, is pro-
cessed to endo-B-N-acetylglucosaminidase H resistance during
brefeldin A (BFA) treatment (20).

Early studies established that inhibition of glycosylation by
tunicamycin (TM) resulted in reduced infectivity and accumu-
lation of immature enveloped rotavirus particles in the ER (22,
24). The exact role of the carbohydrates for morphogenesis
and infectivity remains to be determined, however, but it has
been proposed that one of the functions of the carbohydrates
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may be to assist in survival of the virus in the gastrointestinal
tract, and yet another is that the carbohydrates modulate se-
rotype specificity (13). The nonstructural NSP4 protein is a
novel type of trans-ER-resident glycoprotein which functions
not only as a receptor for subviral particles in the cytoplasm (1,
19), but also, as has been shown, as an enterotoxin capable of
inducing diarrhea (2). Furthermore, it has been shown that
depletion of cellular Ca** and prevention of NSP4 glycosyla-
tion by TM treatment cause accumulation of NSP4 in the
virion-associated envelope (22-24).

To our knowledge, there are no reports addressing the func-
tion of carbohydrates in folding of ER-resident proteins, in-
cluding VP7 and NSP4 of rotavirus. In this study, we have
treated rotavirus-infected cells with TM and BFA and analyzed
the folding of rotavirus glycoproteins. BFA is an antiviral agent
that inhibits protein transport out of the ER and also induces
recycling of Golgi-specific enzymes back to the ER (20).

We have found that treatment of the luminal VP7 protein
with TM plus BFA prevented association with protein disulfide
isomerase (PDI), which led to interdisulfide bond aggregates
of VP7 and in turn affected proper virus assembly. We also
found that the trans-ER NSP4 protein is not dependent on
N-linked glycosylation and PDI assistance for correct folding
under native conditions, but that PDI interacts with the non-
glycosylated form of NSP4. These two modes of action suggest
that PDI can act both as an enzyme and as a chaperone. This
work suggests for the first time a direct function of carbohy-
drates for rotavirus. The principal role of the carbohydrate on
VP7 is to facilitate correct disulfide bond formation and fold-
ing and, ultimately, viral assembly.

MATERIALS AND METHODS

Cells, viruses, and antibodies. MA-104 cells were grown in Dulbecco’s mod-
ified Eagle’s minimal essential medium (MEM) supplemented with 10% fetal
calf serum. Rhesus rotavirus (RRV) was obtained from infected MA-104 cells by
freezing and thawing. The monoclonal antibodies (MAbs) used in this study
include the MAb M60, which recognizes a cross-reactive nonneutralizing epitope
on VP7 (26) that is dependent on correct disulfide bond formation (28); 7A12,
a neutralizing anti-VP4 MAb which recognizes VP4 and neutralizes RRV (16,
26); and a rabbit polyclonal antibody against PDI, supplied by Kari Kivirikko
(Department of Medical Biochemistry, University of Oulu, Oulu, Finland).
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Rotavirus infection. RRV was activated with 10 pg of trypsin per ml for 30 min
at 37°C before inoculation of MA-104 cells in serum-free medium. After 1 h of
infection, the inoculum was replaced with fresh Eagle’s MEM. The titers of RRV
were determined by peroxidase staining as previously described (28).

Metabolic labeling of viral proteins. To produce metabolically labeled cell
lysates, MA-104 cells were infected with trypsin-activated RRV at a multiplicity
of infection (MOI) of 10 as described previously (28). At 7 h postinfection (hpi),
infected cells were starved for 1 h in methionine- and cysteine-free medium
before being labeled with 50 wCi (0.17 wCi/pl) or 200 wCi (0.67 wCi/pl) of
[**S]methionine-cysteine (Trans-label; Dupont) for various periods of time. For
chase experiments, cells were washed and incubated with medium containing an
excess of methionine (10 mM) and 1 mM cycloheximide (Sigma). At the end of
each radioactive pulse or after a chase period, cells were incubated with ice-cold
phosphate-buffered saline (PBS) containing 40 mM N-ethylmaleimide (NEM)
(Sigma) for 2 min to prevent disulfide bond rearrangements. Cells were then
lysed in ice-cold sodium dodecyl sulfate (SDS) lysis buffer (10 mM Tris-HCI [pH
7.5], 150 mM NaCl, 1% Triton X-100, 0.5% SDS, 6 p.g of leupeptin per ml, 3 pg
of antipain per ml, 1 ug of aprotinin per ml, and 0.1 mg of pefabloc per ml) or
gentle lysis buffer {150 mM NaCl, 2% 3-[(3-cholamidopropyl)-dimethylammo-
nio]-1-propanesulfonate (CHAPS), 50 mM HEPES} containing protease inhib-
itors. Cell lysates were clarified of cell debris by centrifugation at 13,000 X g for
2 min in a microcentrifuge before use.

Treatment of cells with dithiotritiol, TM, and BFA. BFA was purchased from
Sigma. A stock solution was prepared as previously described (20). To obtain
metabolically labeled proteins in the presence of BFA, 2 pg/ml was added at 1
hpi and was maintained through the chase. BFA was replaced with fresh BFA
every 4 h. To inhibit N-linked glycosylation, 2 pg of TM per ml was added to
media 3 h before pulse-labeling and maintained through the chase.

To obtain metabolically labeled proteins synthesized under reduced condi-
tions, dithiothreitol (DTT) was added to the media 20 min before a pulse and
maintained during the chase period (28).

RIPA. Immunoprecipitation was performed as previously described (20).
Briefly, radiolabeled lysates (50 pl) were incubated with 1 pl of the desired
antibody and 450 pl of radioimmunoprecipitation assay (RIPA) buffer (10 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 0.6 M KCI, 4 mM EDTA, 1% Triton X-100)
or CHAPS buffer (150 mM NaCl, 50 mM HEPES, 0.5% CHAPS) overnight at
4°C. Twenty-five pl of Staphylococcus aureus protein A-Sepharose CL-4B (Phar-
macia, Uppsala, Sweden) was subsequently added to the mixture, which was then
incubated for 2 h at 4°C or 1 h at room temperature. The protein A-Sepharose-
coupled immune complexes were then pelleted at 13,000 X g for 30 s in a
microcentrifuge and washed three times with RIPA buffer and twice with 10 mM
Tris-HCI (pH 8.0)-150 mM NaCl or CHAPS buffer. The immune complexes
were suspended in 30 pl of nonreducing sample buffer (10 mM Tris-HCI [pH
6.8], 0.5% SDS, 10% glycerol) or reducing sample buffer (nonreducing sample
buffer including 2% B-mercaptoethanol). Unless otherwise indicated, samples
were boiled for 5 min before separation by SDS-polyacrylamide gel electrophore-
sis (PAGE).

SDS-PAGE. Polypeptide separation was performed by SDS PAGE with a
4.5% stacking gel and 10% separation gel as previously described (28). Electro-
phoresis was carried out at a constant voltage of 50 V at room temperature,
followed by fixation with 10% glacial acetic acid and 35% methanol for 1 h at
room temperature. Autoradiography was performed as previously described
(28). Molecular mass standards included myosin (200 kDa), phosphorylase b (97
kDa), bovine serum albumin (69 kDa), ovalbumin (46 kDa), carbonic anhydrase
(30 kDa), and lysozyme (14 kDa).

Protein recovery from SDS-PAGE. To elute a specific protein from the SDS-
PAGE, the band of a desired protein was excised from the dried gel and incu-
bated with elution buffer (10 mM Tris-HCI [pH 7], 0.1% SDS) for 2 h at 37°C.
The acrylamide fragments were pelleted at 13,000 X g for 10 min in a micro-
centrifuge. The supernatants were used for further experiments.

RESULTS

Absent or impaired glycosylation of rotavirus proteins leads
to formation and accumulation of a novel 78-kDa protein. To
investigate the role of glycosylation in correct folding of the
ER-associated VP7 and NSP4 proteins, RRV-infected cells
were treated with BFA (2 pg/ml) at 1 hpi and/or with TM (2
wg/ml) at 5 hpi. After 1 h of methionine starvation, infected
cells were metabolically labeled at 8 hpi for 30 min, followed by
a chase as described in Methods and Materials. At indicated
times, monolayers were briefly incubated with 40 mM NEM to
prevent artificial disulfide bond formation and then lysed and
analyzed by SDS-PAGE. When the cell lysates were analyzed
under nonreducing conditions, a 78-kDa band was observed in
TM-treated cells and, more pronouncedly, in TM- and BFA-
treated cells (Fig. 1A). A close examination of Fig. 1A also
revealed that the intensity of the 78-kDa band increased from
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the pulse to a 60-min chase but that no significant amount of
the 78-kDa protein had further accumulated from that time,
which suggests that the formation of the 78-kDa protein was a
posttranslational process, predominantly occurring within 60
min after biosynthesis. It was also observed that the 78-kDa
protein was not found to be significantly degraded within the
first 4 h after biosynthesis.

To uncover whether the 78-kDa protein was held together
by covalent bonds, the same lysates presented in Fig. 1A were
examined under reducing conditions (Fig. 1B). After disulfide
bond reduction, the 78-kDa band completely disappeared and
a protein band with a molecular mass of 36 to 38 kDa, depend-
ing on the treatment (TM, BFA, etc.), appeared (Fig. 1B). This
strongly suggests that the 78-kDa protein complex consisted of
interdisulfide cross-linked polypeptide(s) with a molecular
mass range of 36 to 38 kDa.

Upon carbohydrate manipulation, the luminal and ER-as-
sociated VP7 misfolds and accumulates into 78-kDa interdi-
sulfide aggregates. To identify the component of the inter-
disulfide bond aggregate identified in Fig. 1A, the 78-kDa
protein was eluted from the TM-plus-BFA 60-min chase
(Fig. 1A) and analyzed under reducing and nonreducing
SDS-PAGE conditions (Fig. 2). To monitor the elution effi-
ciency, the NSP4 protein was also eluted and analyzed. Lane a
in Fig. 2 shows the elution efficiency of NSP4, and lane b shows
the elution efficiency of the 78-kDa protein. Lanes a and b (Fig.
2) not only show that the elution was efficient, but, more
importantly, also show that only a single protein was purified.
By comparing the migration mobility of VP7 immunoprecipi-
tated with a VP7-specific MAb, (Fig. 2, lane d) with that of the
eluted and disulfide bond-reduced 78-kDa protein (Fig. 2, lane
¢), it can be concluded that the 78-kDa protein consists of
multimers of a protein with a molecular mass identical to that
of the VP7 glycoprotein.

A reducing milieu prevents aggregation of VP7 with manip-
ulated carbohydrates. We have previously shown that a brief
exposure of rotavirus-infected cells to the reducing agent DTT
inhibits formation of correct intradisulfide bonds on VP7 and
that prolonged exposure permanently misfolds VP7 (28). To
analyze if a reducing milieu also could prevent aggregation of
VP7, DTT (2 mM) was added to methionine-cysteine-deficient
medium 20 min before a metabolic pulse and maintained dur-
ing a 60-min chase. At the end of each radioactive pulse or
after a chase period, cells were washed twice with MEM and
incubated with ice-cold PBS containing 40 mM NEM for 2 min
to alkylate free thiol groups. Cells were then lysed in ice-cold
SDS lysis buffer. As illustrated in Fig. 3A, aggregation of VP7
was prevented, both in TM and in TM plus BFA-treated cells.
The dramatic effect of DTT on VP7 folding is furthermore
illustrated in mock-treated cells, in which VP7 migrates signif-
icantly faster under oxidizing conditions than during reducing
conditions. To examine if VP7 becomes permanently protected
from aggregation after a 60-min incubation in a reducing mi-
lieu, DTT was washed out and cells were incubated in oxidizing
media up to 60 min. As illustrated in Fig. 3B, VP7 had already
begun to aggregate after 30 min in an oxidizing milieu, indi-
cating that a reducing milieu prevents aggregation of rotavirus
VP7, while aggregation occurs rapidly after a switch to an
oxidizing milieu.

Disulfide bond-dependent antigenicity is altered in VP7 with
manipulated carbohydrates. It is generally believed that the
main function of N-linked carbohydrates is to provide in-
creased solubility, which in turn facilitates correct folding and
antigenicity of proteins. However, the importance of N-linked
carbohydrates with respect to folding and antigenicity varies
among viruses and strains and the backbone localization of the
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FIG. 1. Role of glycosylation and oligosaccharide processing in folding of NSP4 and VP7. Cells infected with RRV (MOI of 10) were mock or BFA (2 pg/ml) treated
at 1 hpi. At 5 hpi, TM (2 pug/ml) was added to the medium of the same monolayers (as indicated) and was maintained through the experiment. At 7 hpi, cells were
starved for 1 h in methionine-cysteine-free media and then subsequently metabolically labeled (50 wCi) for 30 min. To examine posttranslational processing, labeled
proteins were chased in Eagle’s MEM supplemented with 1 mM cycloheximide and 10 mM methionine for the lengths of time indicated over the lanes. At the end of
the pulse or chase, monolayers were incubated with ice-cold PBS with 40 mM NEM for 2 min, and cells were then harvested in SDS lysis buffer and mixed with
nonreducing sample buffer (A) or reducing sample buffer (B), boiled, and analyzed by SDS-PAGE.

glycosylation site (11). To examine if carbohydrate manipula-
tion of VP7 affects disulfide bond-dependent antigenicity, cell
lysates from the pulse-chase experiment presented in Fig. 1
were immunoprecipitated with M60, a disulfide bond-depen-
dent VP7 MAD (20, 28), and analyzed under nonreducing con-
ditions. As shown in Fig. 4, significantly less VP7 was immu-
noprecipitated from lysates treated with TM and TM plus BFA
than from mock- or BFA-treated cells. Quantification by scan-
ning densitometry showed that 67.5% of total mock-treated
VP7 was immunoprecipitated by M60 at a 240-min chase com-
pared to 31.3% of TM-plus-BFA-treated VP7. As expected,
M60 did not immunoprecipitate the 78-kDa VP7 aggregate
(data not shown).

PDI associates with glycosylated VP7 and with nonglycosy-
lated NSP4. PDI is an ER-associated enzyme that assists in
protein folding by catalyzing the formation of disulfide bonds
(8). More recent data also suggest that PDI has a chaperone-
like activity (4, 27, 30). Because, to our knowledge, no or only
limited information is available concerning if and how PDI
participates in folding of ER-resident proteins, we decided to
examine if the ER-associated VP7 and NSP4 of rotavirus as-
sociate with PDI during maturation. To address this question,
RRV-infected cells were mock treated or treated with BFA at
1 hpi and with TM at 5 hpi. After 1 h of methionine starvation,
cells were metabolically labeled at 8 hpi for 15 min, followed by

chase periods. At indicated times, the monolayers were briefly
incubated with 40 mM NEM to prevent artificial disulfide bond
formation and then lysed in gentle lysis buffer followed by
immunoprecipitation. As shown in Fig. 5A, PDI associated
with VP7 in a kinetic manner, and at 120 min postchase, a

78kDa —

NSP4 —p

FIG. 2. To identify the component of the disulfide aggregate presented in
Fig. 1A, the 78-kDa and NSP4 bands from the gel presented in Fig. 1A (TM+
BFA, 60-min chase) were excised and incubated with elution buffer (10 mM Tris-
HCI [pH 7], 0.1% SDS) for 2 h at 37°C. The eluted 78-kDa protein was analyzed
by nonreducing (lane b) and reducing (lane ¢) SDS-PAGE. The eluted NSP4
protein was analyzed by nonreducing SDS-PAGE (lane a). The lysate from the
pulse-chase experiment presented in Fig. 1A (TM+BFA, 60-min chase) was
immunoprecipitated with a VP7 MAb (M60) (lane d). M, molecular mass mark-
ers. The molecular masses (kilodaltons) of the markers are shown in the middle
of the panel.
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FIG. 3. (A) Effect of a reducing milieu on folding of TM- and/or BFA-treated VP7. Infected cells were TM and/or BFA treated as described in the legend to Fig.
1. At 7 hpi, cells were starved for 1 h in methionine-cysteine-free media. Twenty minutes before a 30-min metabolical S pulse, 2 mM DTT was added to the cells for
the duration of the experiment. After a 30-min pulse with 50 wCi of 3>S Trans-label, cells were chased for 60 min in Eagle’s MEM supplemented with 1 mM
cycloheximide and 10 mM methionine. At the end of the pulse or chase, cells were washed twice with MEM and incubated with ice-cold PBS containing 40 mM NEM
for 2 min to alkylate free thiol groups. Cells were subsequently harvested in SDS lysis buffer and mixed with nonreducing sample buffer, boiled, and analyzed by
SDS-PAGE. The arrowheads indicate disulfide aggregates. The molecular masses (kilodaltons) of the markers are shown on the right side of the panel. (B) Effect of
intracellular reoxidation on folding of non-N-linked glycosylated VP7. Infected cells were BFA and TM treated as described in the legend to Fig. 1. At 7 hpi, cells were
starved for 1 h in methionine-cysteine-free media. Twenty minutes before a 30-min pulse, 4 mM DTT was added, and it remained in the media through the pulse and
chase. After a 30-min pulse with 50 wCi of 35 Trans-label, cells were chased for 60 min in Eagle’s MEM supplemented with 1 mM cycloheximide, 10 mM methionine,
and 4 mM DTT. The monolayers were then washed with MEM and incubated with chase medium without DTT for different periods of time as indicated. At the end
of the pulse or chase, cells were washed twice with MEM and incubated with ice-cold PBS containing 40 mM NEM for 2 min to alkylate free thiol groups. Cells were
subsequently harvested in SDS lysis buffer and mixed with nonreducing sample buffer, boiled, and analyzed by SDS-PAGE. a, TM- and BFA-treated infected cells
chased for 120 min in the presence of 4 mM DTT. The molecular masses (kilodaltons) of the markers are shown on the left side of the panel.

significant amount of PDI was seen associated with VP7. Fig- oped particles in the ER (20, 22, 24), but also that BFA may
ure 5SA and B also identify PDI at a molecular mass of approx- induce O-linked glycosylation of VP7 (20). Furthermore, a
imately 60 kDa. In contrast to the glycosylated and disulfide clone of rotavirus strain SA-11 designated 28 has been shown
bond-rich VP7 (28), no interaction was observed between to be infectious, yet it has no glycosylated VP7 (22), suggesting
NSP4, which lacks disulfide bonds (28), and PDI. A most that carbohydrates on VP7 are not per se required for cell-
surprising observation, however, was that manipulation of N- receptor interaction or viral entry. We found that carbohydrate
linked glycosylation resulted in PDI association with NSP4 manipulation with either TM or TM plus BFA, but not BFA
(Fig. 5B). Furthermore, inhibition of N-linked glycosylation alone, rapidly caused misfolding of VP7, leading to interdisul-
abolished the PDI interaction with VP7, suggesting that cor- fide bond aggregation and aberrant antigenicity within 60 min
rect N-linked glycosylation is a prerequisite for PDI interaction after biosynthesis. This dramatic effect of misfolding is inter-
with VP7. The NSP4 results support the hypothesis, which esting, because VP7, in contrast to most secretory glycopro-
suggests that PDI, in addition to promoting correct disulfide teins, only possesses a single high-mannose oligosaccharide (9,
bond formation, may react as a chaperone for proteins lacking 11). We suggest, by combining this body of work with the

disulfide bonds (4, 27). observations described above, that the principal function of
N-linked carbohydrates on rotavirus VP7 is to facilitate correct
DISCUSSION protein folding and viral assembly.
We have previously shown that glycosylated VP7 must be in
Rotavirus is unique among animal viruses in being a glyco- an oxidized form to fold correctly (28). A reducing milieu not

sylated, nonenveloped virus that matures in the ER. While the only prevents correct folding, but also causes permanent mis-
function of carbohydrates is well documented for viral proteins folding upon prolonged exposure to DTT. In this study, we
that traverse the secretory pathway (11, 14, 15), no function has found that aggregation of VP7 with manipulated carbohy-
yet been recognized for the carbohydrates of rotavirus VP7 or drates was prevented by a reducing milieu; however, soon after
NSP4, nor has it been established how critical glycosylation is the return to an oxidizing milieu, aggregation of VP7 occurred,

for the maturation of ER-resident proteins. indicating that glycosylation and an oxidizing milieu are crucial
Previous studies have shown not only that inhibition and for correct posttranslational folding of VP7.
aberrant glycosylation of rotavirus proteins by TM and BFA In contrast to the luminal and ER-associated VP7, no mis-
reduce infectivity and cause accumulation of immature envel- folding or aggregation of the trans-ER-associated NSP4 was
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FIG. 4. Cell lysates from the pulse-chase experiment presented in Fig. 1 immunoprecipitated with a VP7 MAb (M60) and analyzed by nonreducing SDS-PAGE.
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FIG. 5. Cells infected with RRV (MOI of 10) were mock (A) or BFA (2
wg/ml) treated (B) at 1 hpi. At 5 hpi, TM (2 png/ml) was added to the medium of
the monolayers (as indicated) and was maintained through the experiment. At 7
hpi, cells were starved for 1 h in methionine-cysteine-free media and then
metabolically labeled (200 w.Ci) for 15 min. Labeled proteins were chased with
Eagle’s MEM supplemented with 1 mM cycloheximide and 10 mM methionine
for the lengths of time indicated over the lanes. At the end of the pulse or chase,
monolayers were incubated with ice-cold PBS with 40 mM NEM for 2 min, and
cells were harvested in gentle lysis buffer. The cell lysates were immunoprecipi-
tated with MAbs to VP7 and NSP4 and rabbit polyclonal antibodies to PDI.

noted. Previous studies, however, have shown that membrane-
bound secretory proteins may very well aggregate upon mis-
folding (17). A possible explanation for the different properties
could be that NSP4, in contrast to most secretory proteins,
does not possess luminal thiol groups and therefore cannot
aggregate into disulfide bond complexes. Another explanation
is that few (less than 28 or 67, depending on the model [3, 5])
of the 175 amino acids of NSP4 are luminally oriented.

In recent years, it has become clear that many proteins do
not fold spontaneously in vivo, but require the help of other
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proteins, often called chaperones (10). Among the enzymes
and chaperones that assist in protein folding in the ER, the
role of PDI for the folding of rotavirus VP7 and NSP4 was
examined in this study. Because PDI catalyzes formation of
native disulfide bonds and prevents aberrant disulfide bond
formation, it may play an important role in the folding of
ER-resident proteins.

While it is clear that PDI participates in protein folding (8),
there are few reports clearly demonstrating an interaction be-
tween PDI and maturation of secretory proteins (21), and
there is no information available regarding the role of PDI in
the maturation of ER-resident proteins. We found that PDI
only interacted with glycosylated VP7 with kinetics correlating
with the processing of carbohydrates of membrane- and virus-
associated VP7 to Man,GlcNAc, (12). It has previously been
reported that VP7 exists in two forms—one membrane asso-
ciated and one virus associated—with apparent differences in
conformation and localization (12). Because triple-shelled par-
ticles are assembled within 15 to 20 min after protein synthe-
sizes and PDI remains associated with VP7 at 120 min postsyn-
thesis, it is reasonable to believe that the final disulfide bond
formation on VP7 occurs on the virus particles together with
the final oligosaccharide trimming (12), rather than on mem-
brane-associated VP7. This proposal is further supported by
work with conformation-dependent MAbs showing that neu-
tralizing and disulfide bond-dependent MAbs only recognize
fully oxidized and virus-assembled VP7 (28).

The fact that PDI only interacted with correctly N-linked
glycosylated VP7 suggests that carbohydrates and PDI are
closely associated with correct folding of the ER-resident VP7.
The exact role of the N-linked oligosaccharides on VP7 for
PDI interaction is not established. Our suggestion is that no or
aberrant glycosylation modifies the folding of VP7 and thereby
prevents the interaction between VP7 and PDI. A reasonable
role of the N-linked carbohydrate on VP7 could therefore be
to prevent VP7 from premature folding and nonspecific aggre-
gation before it is presented to PDI and becomes correctly
folded. Judging by the time kinetics, this would be logical, since
glycosylation is a cotranslational event, whereas disulfide bond
formation is posttranslational. As illustrated in Fig. 5A, PDI
immunoprecipitated not only VP7, but also a small amount of
a protein with a molecular mass of around 40 kDa. This protein
most likely represents VP6 (41 kDa), the major inner capsid
protein of rotavirus that is translocated as a constituent of
double-shelled particles into the ER lumen and that associates
with VP7 within 15 min after protein synthesis (12). That the
40-kDa protein is of cellular origin can be ruled out, because
no cellular proteins were metabolically labeled (Fig. 1), nor did
the anti-PDI antibody recognize any cellular proteins except
PDI (Fig. 5B). The most reasonable explanation is therefore
that PDI, under the gentle RIPA conditions used, immuno-
precipitated mature virus containing both VP6 and VP7.

Previous studies have shown that neither of the two thiol
groups on NSP4 is localized on the luminal part of ER (1, 3),
a positioning which excludes them from being oxidized (28). It
was therefore expected that PDI would not recognize native
NSP4. However, it was surprising to note that TM-BFA-treat-
ed NSP4 was recognized by PDI (Fig. 5B). Presently, we have
no explanation for this interaction, but it should be mentioned
that recent studies propose that PDI, in addition to being an
enzyme, has chaperone-like activity and can interact with pro-
teins lacking disulfide bonds (4, 27, 30). As illustrated in Fig.
5B, a small amount of VP6 was immunoprecipitated together
with TM-BFA-treated NSP4. The most reasonable explanation
for this is that impaired viral assembly induced by TM treat-
ment leads to accumulation of ER-derived envelope particles
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(22, 24) and, possibly, to entrapment of double-shelled parti-
cles (particularly VP6) on NSP4-ER membranes, instead of a re-
lease into the ER lumen during ER translocation under nor-
mal conditions.
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