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Rotavirus matures inside the endoplasmic reticulum (ER), a site of intracellular calcium storage. Total cell
Ca** depletion has been shown to impair virus maturation, arresting this process at the membrane-enveloped
intermediate form following its budding into the ER. On the other hand, rotavirus infection leads to an
increase in the internal Ca®>* concentration ([Ca®*];) and sequestered Ca>* pools. We have used thapsigargin,
an inhibitor of the Ca?’"-ATPase of the ER, to release stored Ca’" and to study its role in rotavirus
morphogenesis and cytopathic effect. Thapsigargin (0.1 to 1 M) released stored Ca>* from MA-104 cells, as
measured by chlorotetracycline fluorescence. The concentration of cytoplasmic Ca®>*, measured with fura2,
increased in infected cells whether treated or not with thapsigargin. Infectivity was decreased dose dependently
by thapsigargin (3 log units at 0.25 to 1 uM). In infected cells treated with thapsigargin, glycosylation of VP7
and NS28 was inhibited. Electron microscopy of infected cells treated with thapsigargin showed normal
synthesis of viroplasm. However, only membrane-enveloped, not double-shelled, particles could be observed
within the ER. The conformation of VP7 in infected cells treated with thapsigargin appeared to be altered, as
suggested by decreased immunofluorescence reactivity with monoclonal antibodies to highly conformation-
dependent VP7 epitopes. The progression of cell death in infected cells, as measured by penetration of ethidium
bromide, was not affected by thapsigargin. These results indicate that rotavirus maturation depends on a high
sequestered [Ca®*], specifically in the ER. Cell death is the result of the accumulation of a viral product and
is not related to the production of infective particles. This viral product(s) may be responsible for the increase

in [Ca®**],, which in turn leads to cell death.

Rotaviruses are nonenveloped, double protein capsid viruses
belonging to the Reoviridae family. They contain an 11-seg-
ment, double-stranded RNA genome that codes for six struc-
tural and five nonstructural proteins. The single capsid struc-
ture is formed in the cytoplasm, a medium characterized by a
low Ca®* concentration ([Ca®"]), at special areas termed the
viroplasm. Then, the single capsid structure buds into the en-
doplasmic reticulum (ER), forming a transiently enveloped
viral particle. This includes the outer capsid proteins VP7 and
VP4, forming a hetero-oligomeric complex with NS28 (NSP4),
a nonstructural, ER-resident transmembrane protein (23, 29).
The maturation of the particles to produce infectious viruses is
thought to involve the loss of lipid and protein components of
the acquired ER membrane and the nonstructural protein
NS28 and the rearrangement of the outer capsid proteins VP4
and VP7 by an as yet undefined mechanism. In fact, an alter-
native assembly pathway by which subviral particles acquire the
outer capsid proteins, involving transmembrane transport
without the enveloped stage, has been proposed (36).

Calcium plays an important role all during the rotavirus
cycle in the host cell. The stability of the double-shelled par-
ticle depends on the presence of Ca* (8), which appears to be
an integral part of the rotavirus virion (33). A conformational
change in VP7 induced by Ca®" chelation has been invoked as
being responsible for decapsidation (11). The maturation pro-
cess has also been shown to be Ca®>" dependent; omission of
Ca?* from the culture medium stopped virus synthesis at the
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single-shell step (33, 34), whereas total cell Ca** depletion,
achieved by using the Ca®* ionophore A23187 and EGTA
(ethylene glycol tetraacetic acid), arrested maturation, leading
to an accumulation of membrane-enveloped viral particles
within the cisternae of the ER (30).

These changes were concomitant with, and perhaps due to,
a blockade of glycosylation processing of VP7 and NS28 and
the formation of anomalous hetero-oligomeric protein com-
plexes during the maturation process. These observations have
been interpreted as being the result of Ca** depletion from the
ER (29, 30). However, both cytoplasmic and stored Ca** con-
centrations increase in the course of viral infection (26). We
have proposed that the sustained elevation of the cytoplasmic
Ca®" concentration is responsible for the cytopathic effect of
the virus. Treatment with ionophore- and Ca**-free medium
containing EGTA (30) should affect every Ca** compartment
in the cell, making the interpretation uncertain. In this study,
we have used thapsigargin, a sesquiterpene lactone derived
from Thapsia garganica, an inhibitor of the ER Ca**-ATPase
(37, 38), to selectively deplete the ER Ca®* stores. With the
aid of this agent, we have studied the role of Ca®** concentra-
tion in different subcellular compartments in virus maturation
and cell death. We have found that thapsigargin arrests rota-
virus maturation at the membrane-enveloped stage without
impairing cell death. We believe that the first process depends
on a high Ca®* concentration in the cisternae of the ER and
that the cytopathic effect depends on an elevated Ca** con-
centration in the cytosol.

MATERIALS AND METHODS

Cell cultures and virus infection. Fetal rhesus monkey kidney cells (MA-104)
were used throughout. Cells were grown and maintained as previously described
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FIG. 1. Effect of thapsigargin (1 nM) on virus-induced changes in intracellular Ca>* concentration and membrane permeability in MA-104 cells. Cells were exposed
to thapsigargin (T) at 1 h postinfection. Mock- (C) or virus-infected (V) cells not treated with thapsigargin remained as controls. Measurements were performed at 10
h postinfection. (A) Ca>* concentration was determined by fura2 fluorescence at 340 and 380 nm (excitation wavelengths), and Ca>* permeability was evaluated by
the initial change in Ca®* concentration after the addition of a 5 mM Ca®* pulse (arrows) to the incubation medium, which initially contained 1 mM Ca>* (see text).
A representative experiment of a series of five is shown. (B) Plasma membrane permeability to Ca®" was determined by using Mn?" as a surrogate for Ca®>". The
quenching of fura2 fluorescence induced by addition of 0.5 mM Mn?* (arrow) was measured at an excitation wavelength of 360 nm. Relative fluorescence corresponds
to the normalized fluorescence, taking initial values as maximal and ionomycin (I; 10 uM) values as minimal (see text). A representative experiment of a series of three

is shown.

(26). In some experiments, confluent monolayers of the colonic cancer cell lines
HT29 and Caco2 were used and cultured as for MA-104 cells. The OSU strain
of porcine rotavirus was used in all experiments. Quantification of the infectivity
of virus preparations was done by an immunofluorescence staining technique in
microplates or a plaque assay (21). The conditions of infection were as follows.
Virus preparations treated with trypsin (10 wg/ml, 1 h, 37°C) were added to
confluent monolayers of cells which had been washed three times with phos-
phate-buffered saline (PBS). The time of virus addition was taken as time zero
for all experiments. After 1 h of adsorption at 37°C, the cells were washed twice
with PBS and replenished with maintenance medium (minimal essential medium
[MEM)]). Fetal calf serum (1%) was added to the maintenance medium except
when infectivity was to be measured. A multiplicity of infection of 10 immuno-
chemical fluorescence units per cell was used in all experiments. Thapsigargin
was added at 1 to 4 h postinfection.

Determination of intracellular Ca>* concentration. The intracellular calcium
concentration ([Ca®"];) was measured by using the fluorescent indicator fura2,
which was incorporated intracellularly as its acetoxy-methyl ester (fura2-AM).
Cell monolayers were trypsinized, washed by centrifugation, and resuspended in
MEM at an approximate concentration of 2 X 10° cells per ml. For each
measurement, aliquots of cell suspensions were individually incubated with 10
M fura2-AM for 30 min at 37°C in a medium containing (in millimolar): NaCl,
132.4; KCl, 5; Na,HPO,, 5; NaH,PO,, 1.2; CaCl,, 1; MgCl,, 0.8; pyruvate, 1.0,
and 1% (wt/vol) albumin. After loading, cells were washed twice by centrifuga-
tion to remove extracellular fura2-AM and resuspended in 1.2 ml of the same
medium without albumin. Fluorescence was measured at 37°C in a spectroflu-
orometer (Photon Technology International) equipped with a stirrer and tem-
perature control. The excitation wavelengths were 340 and 380 nm and were
alternated by computer control, allowing acquisition of one pair of data per
second. The emission was fixed at 510 nm. The ratio of the fluorescent signals
measured at 340 and 380 nm was computer determined. The intracellular free
Ca®" concentration was evaluated by the method of Grynkiewiecz et al. (16),
with an apparent K, for fura2-Ca of 224 nM. The maximal fluorescence ratio
(Rmax) Was determined by addition of digitonin (50 wg/ml) to permeabilize the
cells, and the minimal fluorescence ratio (R,,;,) was determined by the subse-
quent addition of 20 mM EGTA (16). [Ca®"]; was calculated by the equation
[Ca?*); = Ky [(R — Ronin)/(Rmax — R)] X (Sf2/Sb2), where R is the fluorescence
ratio at any given time and Sf2 and Sb2 are the fluorescence intensities of the free
and bound forms of fura2 at the 380-nm excitation wavelength, respectively.

Assessment of membrane Ca?* permeability. (i) Step change in extracellular
Ca* concentration. The relative Ca>* permeability of control and virus-infected
cells was evaluated by imposing a step increase in the extracellular Ca** con-
centration and measuring the rate of change in [Ca®"]; during the first few
seconds (26). This change is the result of net Ca®>* flux between the cytoplasm
and outside and between the cytoplasm and Ca®*-sequestering organelles. How-
ever, the elevation in [Ca?*); during the first few seconds (with a linear slope)

should be a measurement of unidirectional Ca?* flux and therefore of calcium
permeability.

(ii) Mn?* influx. The rate of quenching of fura2 fluorescence by Mn** was
also used to estimate plasma membrane permeability to Ca>* (24) and the effect
of rotavirus infection on this parameter (26). The measurements were made at
excitation and emission wavelengths of 360 and 510 nm, respectively, wave-
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FIG. 2. Effect of the addition of thapsigargin on CTC efflux of preloaded,
noninfected MA-104 cells, as a measurement of intracellular Ca*>* pools.
Trypsinized cells were incubated with CTC (100 pM) for 1 h at 37°C. Fluores-
cence was measured in CTC-free medium (see text). (a) Addition of different
concentrations of thapsigargin (T), 0.25, 0.5, and 1 wM, induced a dose-depen-
dent decrease in fluorescence, which was taken to a minimal level by ionomycin
(I, 10 pM). Traces corresponding to the different concentrations are superim-
posed on the graph. (b) Previous addition of ionomycin precluded the effect of
further addition of thapsigargin. A representative experiment of a series of three
is shown.
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FIG. 3. Intracellular Ca®* pools evaluated by **Ca* uptake in control (C)
and rotavirus-infected (V) cells in the presence (T) or absence of thapsigargin.
Thapsigargin (1 wM) was added at 1 h postinfection, and measurements were
performed at 8 h postinfection. The time of uptake was 20 min. Values are from
one experiment representative of three and correspond to the mean * standard
error of the mean (SEM) of measurements in four different wells in each
condition, normalized to controls. The effect of thapsigargin was statistically
significant for comparisons between thapsigargin-treated and untreated mock-
and virus-infected cells (n = 3 in three experiments with four replicates each; P
< 0.001 for all cases, unpaired ¢ test).

lengths at which fura2 fluorescence is independent of Ca>* concentration (16).
We normalized the fluorescence to the initial intensity just before the addition of
Mn?* (100%). Ionomycin was added to obtain the fully quenched value that was
taken as basal (0%). The slope was related to the membrane permeability to
Mn?* and, hence, Ca’*.

Estimation of stored Ca2* pools. (i) CTC efflux. To evaluate the mobilization
of stored Ca** by thapsigargin, chlorotetracycline (CTC) efflux was measured.
This indicator forms an amphipatic complex with Ca®* that is in equilibrium
across the different compartments of the cell. The complex partitions into both
the nonpolar phase of cell membranes and aqueous compartments. The Ca-CTC
complex fluoresces only in nonpolar media such as membranes. As the K, for this
complex is in the millimolar order (5), CTC senses only compartments of high
Ca?* accumulation (6, 10). A release of Ca*>* from these compartments by
agonists or thapsigargin induces a shift in the equilibrium, resulting in the efflux
of the Ca-CTC complex from the membrane and therefore a decrease in fluo-
rescence (6, 25, 37). Trypsinized cell monolayers were washed by centrifugation,
resuspended in MEM (2 X 10° cells per ml), and incubated in the presence of
100 uM CTC for 30 min at 37°C. The cells were washed by centrifugation to
remove extracellular fluorophore and resuspended in 1.2 ml of a medium con-
taining (in millimolar): NaCl, 132.4; KCl, 5; Na,HPO,, 5; NaH,PO,, 1.2; CaCl,,
1; MgCl,, 0.8; and pyruvate, 1.0. The efflux of CTC was measured in the flu-
orometer at 398 and 510 nm for excitation and emission wavelengths, respec-
tively.

(i) **Ca** uptake. Cell monolayers were grown to confluence in 24-well
Linbro plates and infected as described above. At 8 to 10 h postinfection,
maintenance medium was removed and replaced by 200 wl of MEM containing
4Ca?* (1 wCi per well). In preliminary experiments, we measured uptake from
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FIG. 4. Dose-dependent inhibition of rotavirus infectivity by thapsigargin (0
to 250 nM) in different cell lines. Thapsigargin was added at 4 h postinfection.
Infectivity was measured at 8 h postinfection in MA104 (triangles), HT29 (cir-
cles), and Caco2 (squares) cells. A representative experiment of a series of four
for MA-104 and two each for HT29 and Caco?2 cells is shown.
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0 to 30 min and found out that at 10 min it had already reached a plateau.
Therefore, uptake was stopped after 20 min by washing the cells four times by
immersion in ice-cold PBS. After drying, cells were dissolved with 0.25 ml of
NaOH (0.1 N). After neutralization with HCI, radioactivity was determined by
liquid scintillation counting. As the number of cells per well was found to be
constant, uptake values for single experiments are expressed as a percentage of
the total counts per minute per well of mock-infected cells.

Labeling and analysis of proteins by PAGE and Endo-H treatment. Confluent
monolayers of MA-104 cells were infected and overlaid with methionine-free
MEM. At 4 h postinfection, the cell cultures were pulsed for 2 h with 50 wCi of
[**S]methionine per ml. Cells were collected from the flask with a rubber po-
liceman, washed in PBS, and lysed for 10 min on ice with lysis buffer (0.01 M
Tris-HCI, 0.1 M NaCl, 2 mM phenylmethylsulfonyl fluoride, and 1% Nonidet
P-40). After pelleting the nuclei at 2,000 X g for 3 min, supernatants were
collected and stored frozen for electrophoretic analysis. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on 10% polyacrylamide gels
and autoradiography were performed as described by Gorziglia et al. (15). In
some experiments, methionine-labeled cell lysates were digested with endo-B-
N-acetylglucosaminidase (Endo-H; H Bio Labs) before PAGE. Denatured sam-
ples (10 min at 100°C in 0.5% SDS-1% B-mercaptoethanol) were digested with
1 wl of Endo-H (1 h at 37°C) in 0.05 M sodium citrate (pH 5.5).

Electron microscopy of infected cells. MA-104 cells were infected as above,
treated or not with thapsigargin, fixed at 8 h postinfection in 2.5% glutaraldehyde
in 0.1 M cacodylate buffer, and postfixed with osmium tetroxide (1%). Fixed cells
were embedded in Epon, sectioned with diamond knives (Instituto Venezolano
de Investigaciones Cientificas), and viewed under the electron microscope after
staining with uranyl acetate and lead citrate.

Immunofluorescence assay on infected cells with MAbs against VP4, VP6, and
VP7. Confluent monolayers of MA-104 cells grown in microtiter plates and
infected as described above were maintained at 37°C in MEM with or without
thapsigargin (1 pM) or tunicamycin (5 pg/ml). Cells were washed in PBS and
fixed at 18 h postinfection, either with methanol (20 min at 4°C) or with
paraformaldehyde with subsequent treatment with Triton X-100, as described by
Dormitzer et al. (12). The following monoclonal antibodies (MAbs) were used
for immunofluorescence staining: MAb 4B2D2, directed against a common
group A antigen of VP6 (20); MAb 5G7, directed against VP4 (VP8 subunit) of
the OSU strain (21); and MAbs 1C3 and 1C10, directed against VP7. These two
antibodies exhibit a G5 serotype-specific pattern of reactivity by neutralization
and enzyme-linked immunosorbent assay (ELISA) and select neutralization es-
cape mutants of the OSU strain with amino acid substitutions at positions 94 and
96, respectively (7). After incubation with the antibodies (1 h at 37°C), the cells
were washed, and the antibodies were developed with an anti-mouse immuno-
globulin G-fluorescein isothiocyanate-conjugated antiserum (Sigma) for 2 h at
37°C. Fluorescence was observed and photographed with an inverted fluores-
cence microscope (Nikon Diaphot TMD; Kodak film TMax 3200).

Quantification of cell death by permeabilization to ethidium bromide. Cell
death after rotavirus infection was determined in confluent cell monolayers
grown in 24-well Linbro plates by using the nucleic acid-binding compound
ethidium bromide (32). At different times postinfection, control and infected
monolayers were incubated with 50 uM ethidium bromide in PBS for 5 min. The
medium was then removed, and the fluorescence of the monolayer was measured
with an inverted microscope (Nikon Diaphot TMD) equipped with a P1 micro-
photometry system. The epifluorescence system had an excitation filter (510 to
560 nm), a barrier filter (590 nm), and a dichroic mirror (580 nm). The fluores-
cence of the central area of the well (2.5 mm in diameter) was measured with a
4X objective. The total red emitted fluorescence was a function of the number of
cells permeable to ethidium bromide in the monolayer. This number was used as
an index of cell death and normalized after total permeabilization with digitonin

(40 pg/ml).

RESULTS

Effect of thapsigargin on Ca*>* homeostasis of control and
virus-infected MA-104 cells. (i) Ca>* concentration and mem-
brane permeability. In preliminary control experiments, thap-
sigargin induced a transient increase in the cytoplasmic free
Ca®* concentration in noninfected MA-104 cells. The re-
sponse was characterized first by a rapid elevation in Ca**
concentration, decaying to a sustained level above the basal
concentration (results not shown). This effect has been ob-
served in many cell types and has been associated with the
inhibition of the ER Ca®*-ATPase, the passive release of
stored Ca®*, and a subsequent entry of Ca** (37).

We then studied the effect of thapsigargin on the Ca®*
concentration and on membrane permeability of infected cells
that had been exposed to this agent from 1 h postinfection. At
10 h postinfection, an increase in the basal Ca** concentration
was observed in virus-infected cells (Fig. 1A), confirming our
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FIG. 5. (A) Effect of thapsigargin (1 pM) and tunicamycin (5 pg/ml) on rotavirus protein synthesis in infected MA-104 cells (V) analyzed by SDS-PAGE.
Thapsigargin (V+T) or tunicamycin (V+Tm) was added at 1 h postinfection, and the cells were labeled with [>*S]methionine for 2 h before harvesting at 6 h
postinfection. (B) SDS-PAGE analysis of labeled cell lysates of mock-infected cells (M) or rotavirus-infected cells (V) previously treated (V+T) or not (V) with 1 pM
thapsigargin (added at 1 h postinfection) and digested (+) or not (—) with Endo-H. The + and ++ in the right margin mark NS28 glycosylated at one or two sites,
respectively, which disappear after Endo-H treatment. Unglycosylated forms of viral proteins are marked by *.

earlier findings (26). The increase in Ca** concentration in-
duced by virus infection was higher in the presence of thapsi-
gargin. This agent alone also induced a moderate increase in
Ca®" concentration in mock-infected cells.

Rotavirus infection induced an increase in membrane Ca**
permeability. This was observed with the Ca>* pulse method as
well as with Mn*" influx (Fig. 1A and B). A change in the
extracellular Ca** concentration induced an augmentation in
fura2 fluorescence, the slope of which was higher in infected
cells (Fig. 1A). Similarly, the rate of Mn*" quenching of intra-
cellular fura2 fluorescence was increased in rotavirus-infected
cells and even further increased in those that had been exposed
to thapsigargin (Fig. 1B). Addition of ionomycin to increase
Ca?* permeability induced a further decrease in fluorescence
in control cells but not in virus-infected cells. These results
confirm the effect on calcium permeability caused by viral
infection shown earlier (26). Furthermore, the effects on per-
meability induced by rotavirus infection persist in the presence
of thapsigargin. Thapsigargin by itself (in mock-infected cells)
induced an increase in Ca?* permeability and concentration.
This may be the cause of the higher Ca®>" concentrations ob-
served in virus-infected cells treated with thapsigargin.

(ii) Ca®>* mobilization from stores. The mobilization of
Ca?* from stores by thapsigargin was dose dependent, as seen
from a decrease in CTC fluorescence of preloaded cells (Fig.
2a). Only a fraction of sequestered Ca** was released by the
maximal concentration of thapsigargin used (1 pM), since
ionomycin, a Ca®" ionophore, was able to cause a further
decrease. Thapsigargin depleted stores which were also sensi-
tive to ionomycin, since the addition of thapsigargin after the
ionophore did not induce further CTC efflux (Fig. 2b).

Estimation of Ca?* pools in mock- and virus-infected cells
was performed by measuring “*Ca®* uptake over 20 min. At 20
min, uptake reaches a plateau and is in equilibrium with the
different calcium pools of the cell (26). The larger part of
43Ca®* uptake must be considered to be due to Ca>" seques-
tered in organelles, since the contribution of cytoplasmic Ca®"

is rather small. As the results were similar at 6, 8 and 10 h
postinfection, we only present those obtained at 8 h postinfec-
tion (Fig. 3). “*Ca*" uptake at this time was on average three-
fold higher in virus-infected cells. Thapsigargin (1 pwM) de-
creased “*Ca”" uptake in both mock- and virus-infected cells
(P < 0.001, unpaired ¢ test; n = 3 in three experiments with
four replicates each). Therefore, this agent inhibits the in-
crease in sequestered Ca”* pools induced by infection. The
thapsigargin-sensitive compartment, probably the ER, is the
one increased during rotavirus infection.

Viral maturation in the presence of thapsigargin. (i) Infec-
tivity of rotavirus particles produced in the presence of thap-
sigargin. Thapsigargin induced a dose-dependent inhibition of
the production of infectious virus in MA-104, HT29, and
Caco2 cells. At a concentration of 250 nM to 1 uM, this was on
the order of 3 log units for all cell lines (Fig. 4). Similar results
were obtained when the drug was added up to 4 h postinfec-
tion. Thapsigargin by itself did not modify the determination of
infectivity; incubation of infected cell lysates with the agent for
1 h at 37°C before titration did not affect the results.

Therefore, the modification of Ca?* compartments inside
the cell induced by thapsigargin inhibited infectious rotavirus
particle production at some point in the viral replication cycle.

(ii) Analysis of protein synthesis by SDS-PAGE. Cellular
protein synthesis in mock-infected MA-104 cells was not ap-
parently affected by thapsigargin during the labeling period
studied (from 6 to 8 h postinfection; results not shown). In
infected cells, the only viral proteins whose pattern of electro-
phoretic migration was modified were NS28 and VP7. Treat-
ment with thapsigargin blocked the synthesis of the mature
form of NS28, with the concomitant accumulation of a protein
product of about 20 kDa. Treatment with tunicamycin, a
known glycosylation inhibitor, during infection completely in-
hibited the synthesis of the mature form of NS28, which was
present only as the unglycosylated 20-kDa protein. Digestion
of the labeled cell lysates with Endo-H induced the complete
elimination of the 28-kDa band of NS28 and an increase in the
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FIG. 6. Effect of thapsigargin (1 pM) on the ultrastructure of rotavirus-infected MA-104 cells. Cells were fixed at 8 h postinfection in 2.5% glutaraldehyde in 0.1
M cacodylate buffer and postfixed with osmium tetroxide (1%). Single-shelled particles can be observed emerging from the viroplasm, budding into the ER, and
covering themselves with the ER membrane (a and b, arrows). These membrane-enveloped particles can be seen near the viroplasmic structure or in proximity to the
ER membrane. Towards the center of dilated cisternae, double-shelled particles devoid of enveloping membrane can be observed (c, arrowheads). In infected cells
treated with thapsigargin from 1 h postinfection, viroplasmic inclusions and images of particle budding into ER are also observed (d, arrows), but there is an abnormal
accumulation of membrane-enveloped particles within the cisternae of the ER (e, arrowheads). V, viroplasmic inclusions. Bars: (a and d) 100 nm; (b, ¢, and e) 200 nm.

20-kDa band (Fig. 5B). Comparison of the different electro-
phoretic patterns with thapsigargin, Endo-H, and tunicamycin
treatments leads to the conclusion that thapsigargin impairs
the glycosylation of NS28 (Fig. 5A and B). Intermediate prod-
ucts of lower molecular weight that may correspond to NS28

glycosylated at one or two positions disappeared after diges-
tion of the labeled cell lysate with Endo-H. This effect was
observed in infected cells whether treated or not with thapsi-
gargin (Fig. 5B).

The analysis of changes in the electrophoretic mobility of
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TABLE 1. Recognition of viral protein by MAbs as evidenced by immunofluorescence®
Fluorescence intensity
MAD Methanol-fixed cells Paraformaldehyde-fixed cells
(specificity) Infected and Infected and Infected and
Uninfected Infected thapsigargin Uninfected Infected thapsigargin tunicamycin
treated treated treated
4B2D2 (VP6) - +++ +++ - +H++ ++++ +++
5G7 (VP4) - +++ +++ - ++++ ++++ +++
1C3 (VP7) - - - - +++ + +
IC10 (VP7) - - - - +++ + +

“ MA-104 cell monolayers grown in 96-well plates were infected with trypsin-activated strain OSU and maintained at 37°C. At 1 h postinfection, thapsigargin (1 pM)
or tunicamycin (5 pg/ml) was added. At 18 h postinfection, the cells were washed in PBS and fixed either with methanol or paraformaldehyde, and fluorescence was
developed as described in Materials and Methods. Intensity of fluorescence is expressed semiquantitatively, from ++++ (maximal) to — (no specific signal).

VP7 was made difficult by the migration of several viral pro-
teins very close to each other, VP7, NS35, NS34, and the
nonglycosylated form of VP7. However, we can observe a band
that disappears after treatment with tunicamycin (Fig. SA, lane
V+Tm) and with Endo-H (Fig. 5B, lane V+) that should
correspond to VP7. Concomitantly, an increase in the thick-
ness of a lower-molecular-weight band could be observed after
treatment with tunicamycin or digestion with Endo-H. This
suggests that this band corresponds to the unglycosylated form
of VP7 (Fig. 5A and B, VP7*). The disappearance of the
putative glycosylated VP7 band was evident after treatment
with thapsigargin (Fig. 5A, lane V+T, and 5B, lane V+T-),
suggesting that this agent affects the glycosylation of VP7.
However, accumulation of VP7* did not occur under these
conditions. It is possible that unglycosylated VP7 undergoes
fast degradation (33). Together, these results indicate that
thapsigargin, like tunicamycin, inhibits the glycosylation pro-
cess of both NS28 and VP7.

(iii) Ultrastructure of the particles in the infected cell. The
effect of thapsigargin on the viral assembly process was studied
in MA-104 cells fixed at 6 h postinfection (Fig. 6). At this point,
cells not treated with thapsigargin present electron-dense
structures in the cytoplasm, corresponding to viroplasm, in
close apposition to a dilated rough ER (Fig. 6a). Single-shelled
particles were observed emerging from the viroplasm, budding
into the ER, and acquiring the ER membrane during this
process. These membrane-enveloped particles were seen near
the viroplasmic structure or in proximity to the ER membrane.
Towards the center of dilated cisternae, double-shelled parti-
cles devoid of enveloping membrane were present (Fig. 6b and
¢). In infected cells treated with thapsigargin from 1 to 6 h
postinfection, viroplasmic inclusions and images of particle
budding into the ER were also observed (Fig. 6d). In addition,
there was an abnormal accumulation of membrane-enveloped
particles within the cisternae of the ER (Fig. 6d). In this case,
a small number of nonenveloped particles were found. It has
been proposed that the membrane-enveloped stage is a tran-
sitory one and that loss of this membrane results in the assem-
bly of the mature particle (13). Thapsigargin therefore seems
to arrest the morphogenesis of rotavirus at the membrane-
enveloped stage.

(iv) Recognition of viral proteins by MAbs. To evaluate the
possible alteration in the conformation of VP7 in infected cells
treated with thapsigargin, we tested whether epitopes on this
protein, which are known to be part of a highly conformation-
dependent antigenic domain, would be preserved in thapsig-
argin-treated cells. The reactivity of two neutralizing MADbs
specific for VP7 of the OSU strain was tested by immunofiu-
orescence. We also used an anti-VP6 and an anti-VP4 MAb as

controls (Table 1). Both VP4 and VP6 were recognized in cells
fixed with either methanol or paraformaldehyde. MAbs 1C10
and 1C3 failed to detect VP7 in virus-infected cells fixed with
methanol but gave a strong positive fluorescence in cells fixed
with paraformaldehyde and permeabilized with Triton X-100
(Fig. 7, Table 1).

Treatment with thapsigargin did not affect the reactivity or
the pattern of recognition by MAbs against VP6 and VP4 (Fig.
7a and b). However, it induced a diminished recognition by
antibodies against VP7. In the absence of thapsigargin, we
observed that VP7 is recognized by the MAD, resulting in a
particulate pattern of labeling extended throughout the cyto-
plasm (Fig. 7c). This did not occur in infected cells treated with
thapsigargin, in which the intensity of fluorescence was very
much decreased (Fig. 7d). Similar results were obtained with
tunicamycin (Table 1). Presumably, conformational changes in
VP7 could have occurred in the presence of thapsigargin, re-
sulting in decreased recognition by the antibodies.

Effect of thapsigargin on cell death induced by infection. To
study the effect of thapsigargin on the lytic effect of the virus on
host cells, we measured cell permeabilization to ethidium bro-
mide (26, 32) at different times postinfection (Fig. 8). An
increase in the number of fluorescent cells began to be ob-
served at 12 h postinfection. After this time, cell permeabili-
zation increased until, at 15 h postinfection, all cells were
fluorescent. However, cell death at this time is underestimated
by this method, since the few detached dead cells were not
measured. Progression of the infection on the host cell had a
time course in which permeabilization to ethidium bromide
preceded complete cell lysis and the release of infective viruses
into the extracellular medium (26). Thapsigargin (1 wM) did
not by itself induce cell death in mock-infected cells. Further-
more, it did not inhibit but rather potentiated the progression
of cell death induced by virus infection. Therefore, the lytic
effect is not dependent on a normal virus maturation process.

DISCUSSION

The rotavirus cycle, from penetration to the release of newly
formed particles, takes place in different cellular compart-
ments, each one characterized by a distinct Ca>* concentra-
tion. As the virus enters the cell, it encounters a cytoplasmic
milieu that has a Ca?" concentration 10,000-fold lower than
the extracellular medium (from 1 mM to 100 nM). After viral
RNA and protein synthesis, the final event in the cytoplasmic
stage of virus morphogenesis is thought to be the budding or
transport of the single-shelled particles into the ER (13, 36),
where the Ca®* concentration scales up again to the millimolar
order. This is the phase where the second capsid is acquired
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and the virus matures to its infectious form. In parallel, syn-
thesis of viral proteins affects the Ca®>" homeostasis of the host
cell, eventually leading to cell lysis and release of newly formed
particles to the extracellular medium (26). There is a body of
evidence for a link between the Ca®" concentration in these
different environments and the stages of the virus cycle: (i)
rotaviruses need a low Ca®?" concentration for decapsidation
(8, 14), (ii) virus maturation is blocked by total cell Ca**
depletion (30), (iii) the double-capsid infectious particle is
stabilized at a high-Ca®" concentration (35), and (iv) the cy-

J. VIROL.

VPZ(T)

FIG. 7. Reactivity of MADbs with virus-infected MA-104 cells treated or not with thapsigargin (1 wM), as detected by immunofluorescence. Cells were grown in
microtiter plates and infected with rotavirus. Thapsigargin (1 pM) was added at 1 h postinfection. At 18 h postinfection, the cells were fixed, and MAb fluorescence
was developed as detailed in the text. (a) Infected cells incubated with an MAD against VP4 (5G7). (b) Infected cells incubated with an MAD against VP6 (4B2D2).
(c) Infected cells incubated with an MADb against VP7 (1C10). (d) Infected cells treated with thapsigargin (1 wM) and incubated with an MADb against VP7 (1C10). Note
the decreased fluorescence of cells treated with thapsigargin and labeled with the MAD against VP7 (d versus c). Thapsigargin did not affect recognition by MAbs against
VP4 and VP6 (not shown). Magnification, X2,240.

topathic effect is associated with the subsequent elevation in
free Ca®* levels in the cytoplasm (26).

Thapsigargin, by virtue of its mode of action, allows selective
manipulation of the Ca®" concentration within cellular com-
partments, allowing the evaluation of the role of different Ca**
pools in virus maturation and cell death.

Thapsigargin induced a transient increase in cytoplasmic
Ca®" concentration and a decrease in CTC fluorescence. This
was due to a passive leak from stores as a consequence of ER
Ca®"-ATPase inhibition (37). In this condition, the cell was
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FIG. 8. Time course of cell death of infected cells in the presence or absence
of thapsigargin (1 wM). Cell death was measured by permeabilization to
ethidium bromide and is expressed as relative fluorescence in relation to total
permeabilization by digitonin (see the text). Mock- (triangles) and virus-infected
(circles) cells were treated (open symbols) or not (solid symbols) with thapsigar-
gin. Values represent the mean *+ standard error of the mean of measurements
of four different wells for each condition. A representative experiment of a series
of three is shown.

able to regulate this change by pumping Ca®* out of the cell
through the plasma membrane ATPase (3, 4). In addition,
thapsigargin induced a change in Ca?* permeability. This
change has been explained by an activation of plasma mem-
brane Ca** channels linked to the emptying of Ca*" reservoirs
of the cell (27, 31) by a mechanism which may involve the
metabolism of cyclic GMP, nitric oxide, and/or cytochrome
P450 (1, 41). This effect of thapsigargin on Ca*>* permeability
was additive to that induced by rotavirus infection, suggesting
the activation of two different pathways. In this sense, the
complete quenching of fura2 fluorescence in rotavirus-infected
cells by Mn?*, in contrast to mock-infected cells, suggests that
the Ca?* channels activated during infection are of a different
nature than those existing in the normal cell and perhaps
nonphysiological.

We have shown earlier (26), and confirmed here, that rota-
virus infection leads to an increase in Ca?* in the intracellular
deposits. These pools were released by thapsigargin, indicating
that the ER is a site where Ca®" is accumulated during infec-
tion. This effect of rotavirus on ER Ca** pools may be ex-
plained as the result of a primary increase in plasma membrane
permeability, partially compensated for by the activation of
Ca®" transport into this and other compartments. However,
thapsigargin affects only ER stores, whereas ionomycin re-
leases all of them (Fig. 2).

A main conclusion that can be drawn from the effect of
thapsigargin is that the elevated Ca®>* concentration in the
cisternae of the ER is essential for rotavirus assembly and
maturation. Thapsigargin did not modify the synthesis of viral
proteins that takes place in the cytoplasm, but it affected the
processing of viral proteins synthesized in the ER, VP7 and
NS28. The change in the electrophoretic mobility of these
proteins induced by thapsigargin, similar to the one induced by
tunicamycin (28), is in accordance with a defect in oligosac-
charide processing of NS28 and VP7 in this compartment.
Unglycosylated VP7 synthesized in the presence of thapsigar-
gin may be in a conformation that is more susceptible to
degradation (33). These results confirm those obtained by Po-
runchynsky et al. (30), who used total intracellular Ca** de-
pletion, and establish the role of ER-sequestered Ca** in this
phase of virus morphogenesis. At variance with their experi-
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mental approach, we used conditions in which the cytoplasmic
concentration of Ca** is normal or increased, suggesting a
relative Ca®* independence of the morphogenetic steps occur-
ring in the cytoplasmic side of the ER. The similarity of the
altered maturation outcome between thapsigargin and tunica-
mycin suggests that the primary event modified by ER Ca**
depletion is glycosylation of the virus proteins, notably of
NS28. The involvement of ER Ca®" in the posttranslational
processing of oligosaccharide moieties in other proteins, such
as oy -antitrypsin in HepG2 cells (2, 18-20, 40), has been de-
scribed. In some cases, depletion of ER Ca®* by thapsigargin
and/or Ca®" chelation also results in the inhibition of protein
synthesis that seems to be reversed after 1 to 3 h of exposure
(2, 40). In MA-104 cells, we have not detected inhibition of cell
protein synthesis and have found only changes in the process-
ing of viral glycoproteins. Perhaps after a long incubation time
with thapsigargin, as we have used, an eventual early inhibition
of protein synthesis could have been reversed. This has allowed
us to study the role of ER Ca?* in the posttranslation process-
ing of VP7 and NS28 without affecting the initial steps of viral
protein synthesis and assembly.

It has been proposed that calcium depletion blocks matura-
tion of rotavirus by altering proper oligomerization of the viral
proteins VP7, VP4, and NS28, since in cells depleted of Ca**
or treated with tunicamycin, VP7 did not associate with NS28-
VP4 oligomers (30).

When we probed the conformation of VP7 in thapsigargin-
treated cells with a set of MAbs against VP7, we found a
decreased recognition of this protein. Although no formal
proof is available whether these MAbs recognize rough ER-
associated or virion-complexed VP7, several characteristics of
the MADs suggest that they are directed to the virion form.
First, MAbs are directed to epitopes of the major neutraliza-
tion domain, which is conformation dependent; second, MAbs
are unable to immunoprecipitate soluble VP7; and third, the
epitopes identified are methanol sensitive (12, 17). The de-
creased immunofluorescence reactivity of VP7 observed in
thapsigargin-treated cells could be linked to an incorrect con-
formation of VP7 in such particles. Furthermore, we are not
sure if the in situ detergent treatment that follows paraform-
aldehyde fixation is effective in removing or permeabilizing the
envelope, making VP7 accessible to MAbs. However, in iso-
lated enveloped particles produced in normal conditions of
infection (high Ca?* in the ER), VP7 becomes accessible to
protease digestion after Triton X-100 treatment (29). The
change in the pattern of glycosylation and recognition of VP7
by MAbs suggests that this protein may be in a conformation
other than the mature form. An alternative explanation is that
the total amount of VP7 is decreased in thapsigargin-treated
cells because of impaired synthesis or increased turnover (33).

Thapsigargin did not inhibit cell death induced by infection.
Stored Ca®* sensitive to thapsigargin does not seem to be
involved in this process. The emptying of these deposits does
not impair the progression of the cytopathic effect induced by
infection. Thapsigargin did not inhibit the increase in Ca**
permeability and concentration induced by the virus, nor did
we observe with this agent a decline in the synthesis of viral
proteins that takes place in the cytoplasm. These results are in
accordance with our proposed model, in which an increased
cytoplasmic calcium level is responsible for the lytic effect of
the virus. We earlier showed that the synthesis of a viral prod-
uct was required for altering intracellular Ca>* homeostasis
and hence inducing cell death. Blockade of the increase in
cytoplasmic Ca”* induced by infection by using extracellular
buffers halted the cytolytic process without impairing the pro-
duction of infectious particles (26).
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FIG. 9. Model depicting the role of different cell Ca>* compartments on rotavirus maturation and the cytopathic effect evidenced by the use of thapsigargin. Normal

cytosolic Ca?* concentrations result from a balance between pump and leak processes occurring at the plasmalemma and the ER membrane (Ca®* stores), mediated
by channels and transporters (upper left). Increased Ca>* movements resulting from thapsigargin treatment and/or virus infection are denoted by thick arrows. The
resulting Ca®>* concentrations in the different compartments are shown in parentheses. The initial event in the rotavirus-infected cell that affects Ca>* homeostasis is
thought to be an increase in Ca>* permeability of the plasma membrane that is not compensated for in spite of activated regulatory mechanisms (26). In addition to
this effect, the synthesis of viral proteins (VPs) also induces a change in Na™ permeability that eventually leads to an increase in concentration (10) and a reversal of
the Na?/Ca?" exchange mechanism (lower left). Thapsigargin (T), by virtue of its inhibition of the ER Ca®"-ATPase, releases Ca" from stores, with the consequent
equilibration of ER Ca®" concentrations with those in the cytosol. Cytosolic Ca>* concentrations with thapsigargin are regulated by the plasma membrane
Ca*-ATPase and the Na*/Ca>* exchange mechanism (upper right). Decreased Ca>* concentrations in the ER impair the synthesis of some viral proteins and arrest
rotavirus morphogenesis, with accumulation of membrane-enveloped particles (MEP) and the inhibition of the production of double-shelled particles (DSP) and hence
of infectivity (lower right). The increased Ca®* concentration induced by infection, which is also observed with thapsigargin, is proposed to be responsible for the
activation of intracellular enzymes (proteases and phospholipases), which in turn degrade cell and membrane components, leading to cell lysis (lower left and lower

right).

The viral protein(s) involved in the impairment of Ca®*
homeostasis and the cytopathic effect is not yet known. Re-
cently, it has been shown that expression of recombinant NS28
in the baculovirus-insect cell system induced a sustained ele-
vation of cytoplasmic Ca®" levels in Sf9 cells. No other protein
expressed resulted in this effect (39). The authors suggest that
NS28 increases cytosolic Ca®" levels, promoting its release
from stores, and may be the protein involved in the cytopathic
effect. However, if this were the case, the ER-resident protein
NS28 should not allow Ca?* accumulation within the ER
stores. We have shown earlier and confirmed here that under
normal virus replication in mammalian cultured cells, Ca®" is
in fact overaccumulated in this compartment. Furthermore, it
is shown in this paper that a normal or high Ca®" level in the

ER is necessary for infectious virus maturation. The effects in
insect cells may be due to the abundant expression of this
protein or to a different pattern of synthesis and targeting of
this protein particular to this cell type.

We present in Fig. 9 a hypothetical model depicting the role of
different cell Ca®>" compartments in rotavirus maturation and the
cytopathic effect evidenced by thapsigargin. The mechanisms in-
tervening in the homeostasis of Ca>* concentrations in the dif-
ferent cell compartments are stimulated during rotavirus infec-
tion, as denoted by thick arrows (26). The increased Ca**
concentration in the cytoplasm (6 to 8 h postinfection) leads to
activation of intracellular enzymes (proteases and phospho-
lipases), resulting in cell necrosis and release of mature viruses.
Thapsigargin, by blocking the ER Ca**-ATPase, depletes and
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impairs Ca®>" accumulation in this compartment, arresting virus
maturation at the membrane-enveloped stage. However, this
agent does not affect the high levels of Ca®* in the cytoplasm,
linked to viral protein synthesis, which lead to cell death.
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