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The mechanism by which rotavirus and other nonenveloped viruses enter the cell is still not clear. We have
proposed an endocytosis model where the critical step for virus uncoating and membrane permeabilization is
the decrease in Ca** concentration in the endosome. In this paper, we monitored rotavirus entry by measuring
a-sarcin-rotavirus coentry and infectivity in MA104 cells. The participation of endocytosis, acidification, and
endosomal Ca®* concentration on virus entry was studied by inhibiting the endosomal H*-ATPase with
bafilomycin Al and/or increasing the extracellular calcium reservoir by addition of 10 mM CaEGTA. Rotavi-
rus—«-sarcin coentry was inhibited by bafilomycin Al and by addition of 10 mM CaEGTA. These effects were
additive. These substances induced a significant inhibition of infectivity without affecting virus binding and
postentry steps. These results are compatible with the interpretation that bafilomycin A1 and CaEGTA block
rotavirus penetration from the endosome into the cytoplasm and support our hypothesis of a Ca>*-dependent

endocytosis model.

The mechanism by which rotavirus and other nonenveloped
viruses enter the cell is still not clear. By contrast, it is known
that viruses with a lipid envelope can penetrate the cell by
fusion of the viral membrane with either the plasma membrane
or endosomal membrane. In the latter case, fusion usually
requires an acidic environment provided by the operation of
the vesicular H" pump (26).

Rotaviruses belong to the Reoviridae family presenting an
icosahedral capsid formed by six proteins organized in three
concentric layers containing a genome of 11 genomic segments
of double-stranded RNA. The outer shell consists of two pro-
teins, glycoproteins VP7 and VP4, which are organized in
dimers to form 60 spikes. VP4 is involved in the early interac-
tion with the host cell (7, 22), and its proteolytic cleavage
(VP5* and VP8*) is required for infectivity (6, 12).

Endocytosis and direct penetration through the plasma
membrane have been proposed as pathways for rotavirus entry.
Ultrastructural images of rotavirus particles within coated pits,
coated vesicles, and endosomes during entry have been ob-
served (23, 27, 28), as well as images suggestive of direct entry
(32). The efflux of intracellular space markers from preloaded
MA104 cells during rotavirus entry supports the direct pathway
hypothesis (19). Lysosomotropic drugs, endosomal H*-AT-
Pase inhibitors, or agents that block the intracellular traffic of
endosomes do not appear to affect rotavirus infection, arguing
against the endosomal pathway (1, 8, 14, 19, 21, 23).

Both routes would entail the transient permeabilization of a
lipid barrier, the endosomal membrane or the plasma mem-
brane. Solubilized and trypsinized outer proteins (VP4 and
VP7), but not the intact triple-layer particle (TLP), induce
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membrane permeabilization (2, 25, 28, 29). Solubilization of
these proteins occurred by lowering Ca®" concentration of the
medium to the nanomolar level (28, 30). The permeabilizing
activity of outer proteins has been ascribed to VP5 (10, 11) and
to solubilized and trypsinized VP7 (2) and may play a role in
rotavirus entry. If this were the case, solubilization of the
external proteins and permeabilization should occur in a com-
partment having a low Ca®" concentration and not in the
extracellular medium that contains millimolar concentrations
of calcium. In this context, we have proposed an alternative
endocytosis model where Ca®>" concentration in the endosome
decreases by dissipation of the gradient. This would induce the
solubilization of the outer layer proteins, in turn provoking the
permeabilization of the endosomal membrane (28, 31).

Entry of viruses into the cell has been found to induce the
coentry of other macromolecules, such as a-sarcin, which in-
hibits translation in cell-free systems and to which cells are
normally impermeable (13). Entry of this toxin correlates with
productive rotavirus penetration (8, 21). In these studies, ro-
tavirus-mediated coentry of toxins was not affected either by
bafilomycin Al or calcium ionophores (8, 21). This suggested
that an acidic pH in the endosome and a low intracellular
concentration of Ca®" were not required for toxin entry (8).
However, the ionic fluxes across the plasma or endosomal
membrane that might be involved in these processes are likely
to occur faster than the time resolution of rotavirus—a-sarcin
coentry and L-[**S]methionine incorporation used by these
workers.

Searching for evidence supporting our model, we have ma-
nipulated endosomal pH and Ca®* concentrations and studied
its effects on viral synthesis and on the entry of a-sarcin me-
diated by rotavirus for short time periods. The role of acidifi-
cation was studied by inhibiting the endosomal H*-ATPase
with bafilomycin A1, whereas that of endosomal Ca®" concen-
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tration was investigated by increasing the endosomal Ca®"
reservoir by the addition of 10 mM CaEGTA to the extracel-
lular medium.

Virus entry was measured as an inhibition of protein syn-
thesis due to the coentry of a-sarcin with the sialic acid-depen-
dent rotavirus strains OSU (porcine, serotype P9[7]GS5 [5],
kindly supplied by F. Liprandi [Instituto Venezolano de Inves-
tigaciones Cientificas, Caracas, Venezuela]) or SA11 (simian,
serotype P[2]G3 [9], kindly supplied by J. Cohen [Institut Na-
tional de la Recherche Agronomique, Paris, France]) into
MA104 cells (embryonic rhesus monkey kidney cells, kindly
supplied at passage 7 by J. Cohen). The entry of OSU and
SAL11 virus strains into cells depends on the presence of sialic
acid residues on the cell surface. Cells were seeded at a density
of 4,000 cells/well in 96-well plates (Costar), grown in minimal
essential medium (MEM) supplemented with 10% fetal calf
serum and used at confluency (50,000 cells/well) 3 to 4 days
later. At this stage, cells were not differentiated (3). Rotavi-
ruses used in the experiments were grown in MA104 cells in
the presence of trypsin (0.1 pg/ml). Viral suspensions were
treated with 10 pg of trypsin per ml for 30 min at 37°C to
cleave VP4 (Trypsin Type IX; Sigma Chemical Co). The titer
of the rotavirus preparations was determined by titration in
microplates using an anti-VP6 monoclonal antibody (4B2D2)
for immunocytochemical staining after methanol fixation (4)
and expressed as focus-forming units (FFU).

To measure a-sarcin—rotavirus coentry, confluent monolay-
ers were washed three times with phosphate-buffered saline
(PBS) and incubated with methionine-free MEM for 1 h at
37°C. During the last 30 min, cells were preincubated with or
without bafilomycin Al (500 nM) and then incubated for 15
min at 37°C with the virus at a multiplicity of infection of 500
FFU/cell and with 100 pg of a-sarcin (5.95 wM) per ml in a
final volume of 50 wl/well with or without bafilomycin Al
and/or 10 mM CaEGTA. After infection, the medium was
replaced by 100 wl of MEM containing 0.1 wCi of L-[>>S]me-
thionine in the continuous presence of bafilomycin Al and/or
10 mM CaEGTA. These conditions were used in all experi-
ments unless specified otherwise. After 15 min of incubation,
cells were fixed and extracted as previously described (21).
Results are expressed as percent inhibition of protein synthesis
induced by the coentry of TLP and a-sarcin. The incorporation
values obtained with virus and a-sarcin in the presence of
bafilomycin Al and/or 10 mM CaEGTA were related to label
incorporation of infected cells in the absence of a-sarcin but
with bafilomycin A1 and/or 10 mM CaEGTA. Mock infection
was performed with MEM without virus or trypsin but with
bafilomycin Al and/or CaEGTA.

Effects of bafilomycin A1 and CaEGTA on rotavirus-medi-
ated entry of a-sarcin. In pilot experiments, we compared
a-sarcin incorporation and protein synthesis inhibition using
nonpurified or partially purified virus (Freon extraction and
concentration by ultracentrifugation on a 40% sucrose cush-
ion). We found that toxin coentry induced by both rotavirus
preparations was rather similar (results not shown). Further-
more, to assess that a-sarcin incorporation was due to TLP, we
pretreated the virus suspension (purified or not) with 5 mM
EGTA for 15 min to induce the solubilization of the external
protein layer. Under these conditions, there was no infectivity
and no a-sarcin incorporation, even when a normal Ca*" con-
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centration (1.8 mM) was reestablished (results not shown).
This indicates that the incorporation of a-sarcin was due to
infectious virus entry and that cellular components in the non-
purified virus suspension had no effect on toxin entry or pro-
tein synthesis inhibition. Therefore, for practical reasons, non-
purified virus was used in the following experiments.

The effect of bafilomycin Al on rotavirus entry is presented
in Fig. 1A. Exposure of the monolayer to a-sarcin induced a
small inhibition of protein synthesis in mock-infected cells
(5%), whereas in the presence of OSU and SA11 virus strains,
a-sarcin inhibited L-[**S]methionine incorporation by more
than 50%. Bafilomycin Al significantly reduced the inhibition
of protein synthesis to about half in the presence of either
virus, with no effect on mock-infected cells. These results in-
dicate that rotavirus induced the coentry of a-sarcin, which in
turn inhibited protein synthesis, confirming the results of pre-
vious reports (8, 21). As the H*/ATPase is associated with the
endocytic compartment, the inhibition of the a-sarcin effect by
bafilomycin Al represents the first evidence for the involve-
ment of the endocytic pathway in rotavirus penetration. In the
presence of bafilomycin Al, endocytosed rotavirus would not
be subjected to low pHs. However, previous results suggest
that the acidification component may not participate in the
mechanism of rotavirus entry. Lysosomotropic drugs failed to
inhibit rotavirus infectivity (1, 14, 19, 23). Furthermore, pre-
treatment of rotavirus at low pHs does not induce the expres-
sion of a permeabilizing activity (25, 29), and recombinant VP5
has an optimal permeabilizing effect at neutral pH (10).

The acidification component is required for the entry of
numerous enveloped and nonenveloped viruses (17, 20, 24,
26). A low pH is required to elicit a fusion-inducing or perme-
abilizing conformational change of one or more viral capsid
proteins, usually by exposure of a hydrophobic domain. Even
in some viruses requiring a low pH, acidic conditions per se are
not sufficient to promote virus entry into cells; rather, this step
of virus infection requires the electrochemical gradient gener-
ated by the bafilomycin Al-sensitive H" pump (16, 18, 26).
The activity of this pump would generate an electrochemical
gradient, resulting in an acidification of the endosomal me-
dium and an electrical potential difference. In this sense, the
electrical component may be required for the generation of
other ion gradients necessary for the uncoating of rotavirus in
the endosome. During endocytosis, extracellular fluid contain-
ing millimolar concentrations of Ca®" is taken up into the
vesicle. It has been shown that Ca”" is extruded within a few
minutes from the endosomes into the cytoplasm over the same
period as endosomal acidification takes place (15). Both pro-
cesses are coupled, since Ca?" loss from the endosomes was
blocked by bafilomycin Al and acidification was inhibited by
reducing the extracellular Ca®>" concentration (15). Rapid loss
of Ca?* from early endosomes would be driven by the electri-
cal gradient, positive inside, generated by the H* pump. In the
case of rotavirus taken up into the endosome, inhibition of the
pump by bafilomycin Al would leave a high-Ca®>* environment
where virus uncoating, membrane permeabilization, rotavirus
entry, and a-sarcin coentry into the cytoplasm would be de-
layed.

Next, we investigated whether an increase in the concentra-
tion of endosomal Ca** would also affect rotavirus-a-sarcin
coentry. To do this, we increased total extracellular calcium by
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FIG. 1. Effect of bafilomycin Al or 10 mM CaEGTA in the extracellular medium on rotavirus-mediated entry of a-sarcin. (A) MA104 cells
were preincubated in a methionine-free MEM for 1 h. During the last 30 min, bafilomycin Al (500 nM) was added to a group of wells, while
another group of wells were left untreated for controls. Then, monolayers were infected with OSU or SA11 rotavirus at a multiplicity of infection
of 500 FFU/cell in the presence or absence of a-sarcin (100 mg/ml) and/or bafilomycin Al. After 15 min, inoculum was removed and replaced by
methionine-free MEM supplemented with L-[**S]methionine (0.1 pCi/well) without a-sarcin but in the continuous presence or absence of
bafilomycin Al. (B) Preincubation, infection, and protein labeling were performed as described above for panel A, except that 10 mM CaEGTA
was added only during infection and protein labeling periods. Each value is the mean = standard error (error bar) (In panel A, n = 21 values from
seven experiments with the OSU strain or n = 6 values from two experiments with the SA11 strain. In panel B, n = 9 values from three experiments
with the OSU strain or n =6 values from two experiments with SA11 strain. The OSU and SA11 values were compared, and statistically significant
different values are indicated by an asterisk [P < 0.001 in paired Student’s ¢ test]). (C) Different concentrations of bafilomycin A1l (0, 10, 100, and
500 nM) were used during preincubation, infection, and protein labeling periods with or without 10 mM CaEGTA during infection and labeling

periods. Data are plotted as the means of four measurements from one experiment.

adding 10 mM CaEGTA during rotavirus entry to increase the
calcium content of the endosomal compartment and delay the
dissipation of the Ca?* gradient. It needs to be pointed out
that under these conditions, EGTA is saturated with Ca>" and
the total free Ca** concentration in the extracellular medium
does not significantly increase. As expected, this medium did
not compromise the stability of the TLP outer layer and did
not modify viral infectivity (data not shown). The presence of
10 mM CaEGTA reduced a-sarcin incorporation coupled to
OSU or SALl1 rotavirus entry, whereas no effect was observed
in mock-infected cells (Fig. 1B).

We also studied the effect of the combined addition of
bafilomycin Al and 10 mM CaEGTA on rotavirus—a-sarcin
coentry. Bafilomycin Al reduced a-sarcin inhibition of protein
synthesis in a concentration-dependent manner (Fig. 1C). The
addition of 10 mM CaEGTA to the extracellular medium in
the presence of the inhibitor induced an additive effect at all
bafilomycin Al concentrations used. This supports the inter-
active role of endosomal Ca*™" extrusion and the activity of the
H* pump in rotavirus entry. In this case, Ca®* should stay
longer in the endosome due to a larger reservoir and the lack
of the active driving force for Ca®" extrusion provided by the
H" pump.

Previous studies using the same experimental model did not
show an inhibitory effect of bafilomycin Al on a-sarcin entry
(8, 21). This may be due to differences in their experimental
protocols where drugs were removed after infection and longer
times of rotavirus—a-sarcin coentry and L-[>*S]methionine in-
corporation were used. To evaluate this possibility using the
protocol described above, we studied the inhibition of protein
synthesis in the presence or absence of CAEGTA and/or bafilo-
mycin Al using a 15-min infection period but different times of

L-[**S]methionine incorporation (Fig. 2). In the presence of
virus alone, inhibition of protein synthesis by a-sarcin reached
its maximum (80%) after 60 min of addition of the label.
Therefore, there is a lag between the removal of a-sarcin from
the extracellular medium and the maximal effect of the toxin.
This may be due to the time needed for the toxin to reach the
cytoplasm and/or to exert its action on the ribosome. A reduc-
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FIG. 2. Inhibition of rotavirus-mediated entry of a-sarcin induced
by bafilomycin Al and/or CaEGTA as a function of the incorporation
time of L-[**S]methionine. Preincubation and infection with OSU
strain of MA104 cell monolayers were performed as detailed in the
legend to Fig. 1. The concentration of bafilomycin was constant (500
nM), and protein labeling periods were 15, 60, and 120 min. Data are
plotted as the means plus standard errors (error bars) of nine mea-
surements from three experiments.
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FIG. 3. Effects of 10 mM CaEGTA and bafilomycin Al on viral
synthesis. MA104 cells were preincubated in a medium containing
bafilomycin A1 (500 nM) for 30 min. Then, they were infected by serial
dilutions of OSU rotavirus in a medium supplemented or not supple-
mented with 10 mM CaEGTA and/or bafilomycin Al. After 15 min,
the virus was removed and washed twice with a medium containing 5
mM EGTA without Ca®" to remove bound virus. Infection was al-
lowed to proceed for 18 h in the presence of CaEGTA or bafilomycin
Al, and infectivity (infect.) was determined. Values are means plus the
standard errors of the means (error bars) of six independent experi-
ments performed in triplicate. Values that were statistically signifi-
cantly different from the control value are indicated by an asterisk (P
< 0.01 by paired Student’s ¢ test).

tion of the inhibition of protein synthesis was clearly observed
at 15 min of labeling in the presence of bafilomycin Al and/or
CaEGTA, as described above for Fig. 1. With longer labeling
times, the effects of bafilomycin Al and CaEGTA tended to
fade. However, after 2 h, it had not yet reached the value
obtained with the virus. The combination of CaEGTA and
bafilomycin Al reduced the inhibition of protein synthesis with
no reversal after 2 h of labeling. Removal of the drug and the
longer sampling times, when a reversal of the effect had al-
ready occurred, can explain the discrepancy between this and
previous studies (8, 21). The fact that in our experiments, the
blockade by bafilomycin Al or CAEGTA was not complete and
was somewhat reversible with time may be due to slow diffu-
sion of Ca?" driven by the large concentration gradient, which
only delays virus uncoating and the entry process.

Effects of bafilomycin Al and 10 mM CaEGTA on viral
synthesis. Since we can partially block a-sarcin entry coupled
to rotavirus infection with bafilomycin A1 and CaEGTA, we
studied the effects of these substances on infectivity as a more
direct expression of virus entry (Fig. 3). Rotavirus infectivity
was determined in the presence or absence of 500 nM bafilo-
mycin Al (Sigma-Aldrich, St. Louis, Mo.) and/or 10 mM CaE-
GTA in cells grown in 96-well plates. When bafilomycin Al
was used in the experiments, cells were pretreated with the
drug (500 nM) for 30 min at 37°C. Then, monolayers were
infected with serial dilutions of rotavirus (from 10’ FFU/ml) in
the continuous presence of bafilomycin Al or other sub-
stances. After 15 min, the medium was removed, and mono-
layers were washed twice with PBS containing 5 mM EGTA
(without Ca*™) to solubilize the capsid external layer and re-
move bound virus. Then, MEM containing 1.8 mM Ca** and
bafilomycin Al, 10 mM CaEGTA, or both was added, and
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infection continued up to 18 h postinfection (hpi). The number
of foci was determined by immunofluorescence (4).
Bafilomycin Al, 10 mM CaEGTA, or their combination
induced a significant inhibition of infectivity determined at 18
hpi, indicating that a smaller number of infectious viral parti-
cles reached the cytoplasm under these conditions. As these
substances can affect different points of virus replication, we
performed control experiments to rule out effects on virus
binding and the postentry steps of virus replication. First, we
determined whether bafilomycin A1 or CAEGTA inhibited in-
fectivity when added after virus entry. In these experiments,
cells were inoculated with serial dilutions of OSU rotavirus (15
min at 37°C) and washed with PBS containing 5 mM EGTA
(without Ca®") to remove bound virus. At this point, bafilo-
mycin Al and/or CaEGTA were added and maintained up to
18 hpi. With these conditions, we did not detect any effect of
these substances on infectivity (results not shown). In a second
series of experiments, we studied the possible effects of bafilo-
mycin Al or 10 mM CaEGTA on rotavirus binding to the cell.
Monolayers were preincubated with or without bafilomycin Al
(500 nM) for 30 min at 37°C. Then, monolayers were cooled
down to 4°C for 1 h and incubated with serial dilutions of OSU
rotavirus containing the different substances (bafilomycin Al
or CaEGTA). At this temperature, only virus attachment to
the cells without internalization should occur. Monolayers
were then washed three times with ice-cold PBS (with normal
Ca?" levels) and rewarmed with fresh medium without bafilo-
mycin Al and CaEGTA at 37°C to induce internalization of
the virus into the cell. Infection was allowed to proceed up to

Bafilomycin

FIG. 4. Hypothetical model of rotavirus entry by endocytosis. See
text for details.
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18 hpi, when infectivity was determined by immunofluores-
cence. In parallel experiments, monolayers were frozen after
being washed with cold PBS, and then the bound virus was
titrated in fresh MA104 cell monolayers. In either case, no
reduction of infectivity was observed (results not shown).
These control experiments indicate that bafilomycin Al and
CaEGTA do not affect virus binding or the post entry steps of
replication. Our results are compatible with the interpretation
that bafilomycin A1 and CaEGTA block rotavirus penetration
from the endosome into the cytoplasm.

The results presented in this paper support our hypothesis of
a Ca**-dependent endocytosis model (Fig. 4) where the criti-
cal step for virus uncoating and membrane permeabilization is
the decrease in Ca®" concentration in the endosome (28, 31).
After rotavirus particles bind to receptors on the cell surface,
they are endocytosed into clathrin-coated vesicles together
with extracellular fluid containing Ca®* in the millimolar
range. Once inside the endocytic vesicle, Ca®" is transported
into the cytoplasm driven by the large concentration gradient
(from 1 mM to 100 nM). In addition, we now postulate that the
electrical gradient (positive inside) generated by the V-type
H* pump provides an additional force for Ca** extrusion out
of the endosome. Once Ca?" has dropped to a critical concen-
tration, the virus uncoats, and the external solubilized proteins,
VP5* and perhaps VP7, permeabilize and lyse the endosomal
membrane. In this way, the double-layer particle gains access
to the cytoplasm and replication is started. Acidification per se
would not required to uncoat the virus particle and trigger
membrane permeabilization.

This work was supported in part by CONICIT/FONACIT (Venezu-
ela) grants 95000520 and 2001000329.
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