








assay allowed the detection of VP4 and of VP7 with the rota-
virus antiserum (Fig. 5A). The absence of VP6 or VP2 (Fig.
5A) confirmed that the cells were intact during biotinylation
and that labeling of VP4 and VP7 was not due to the entry of
sulfo-NHS-LC-boitin in the cytoplasm of infected cells. As
expected, VP4 was also recognized by MAb 5.73 (Fig. 5B).
Detected bands did not correspond to mature virions that
could have been biotinylated in the medium or at the cell
surface, since the same Western blot assay performed with
MAb 164E22 did not reveal VP2 (Fig. 5C). These results
confirmed that VP4 was present at the plasma membranes of
infected cells and demonstrated that the VP4 molecules de-
tected by IF or by flow cytometry are not cleaved. Kinetic
analysis showed that VP4 and VP7, or a complex of both, were
biotinylated on the cell membrane as early as 3 h p.i., which is
consistent with flow cytometry experiments (Fig. 4 and data not
shown).

Experiments illustrated in Fig. 5 allowed the detection of a
viral protein(s) that was either biotinylated at the cell surface
or was making RIPA-resistant complexes with a biotinylated
protein. To determine if VP7 is accessible to the biotinylation
reagent on the cell surface, a symmetrical experiment was
performed, changing the order of selection and selective stain-
ing of the biotinylated viral protein. Virus proteins were in a
first-step immunoprecipitation from total-cell lysate of in-
fected and biotinylated monolayers at 6 h p.i. by MAb 164E22
(anti-VP2), 5.73 (anti-VP4), M60 (anti-VP7) or a rotavirus
antiserum (8148F). In a second step, the immunoprecipitated
proteins separated by SDS-PAGE were blotted, and the bio-
tinylated viral proteins were detected by a streptavidin-conju-
gated alkaline phosphatase. As shown in Fig. 6, of the viral
proteins immunoprecipitated by polyclonal antibodies or
MAbs, only VP4 was coupled to biotin, and VP7 was not.
When cells were treated with trypsin before biotinylation,

bands corresponding to VP4 and VP7 were not detected.
These results, together with those illustrated in Fig. 5, demon-
strated that uncleaved VP4 is at the surface of infected cells.
They also suggest that VP7 is not exposed on the surface of the
infected cells but associated with a protein that is accessible to
biotinylation at the plasma membrane, possibly with VP4. Al-
ternatively, it could be hypothesized that VP7 is at the plasma
membrane but in a conformation that does not allow biotiny-
lation.

Association of intracellular VP4 with the cytoskeleton. In
order to study the localization of the fraction of VP4 that is
cytoplasmic, we have used confocal microscopy and indirect IF
staining techniques with specific MAbs 5.73 and 7.7 directed
against VP4. A representative field of permeabilized cells fixed
at 6 h p.i. demonstrated the intracellular localization of viral
proteins (Fig. 7). Staining with anti-VP6 MAb RV138 used as
a control showed that VP6 was localized in viroplasmic inclu-
sions randomly distributed in cytoplasm (Fig. 7A). By contrast,
when infected and permeabilized cells were stained with anti-
VP4 MAb 7.7 or 5.73 (Fig. 7B and D), a homogeneous intra-
cytoplasmic distribution was seen as a regular tubular staining.
This distribution suggests that VP4 is associated with cellular
structures similar to the cytoskeleton. The shape and organi-
zation of the stained structures evoke the microtubule net-
work, but some fibrillar staining is also reminiscent of dynamic
microtubules or stress fibers of actin. However, these filaments
did not contain actin, since they are not stained with FITC-
conjugated phalloidine (data not shown). Cell treatment with
nocodazole, known to depolymerize microtubules, disturbs the
cytoplasmic distribution of VP4 (Fig. 8). Further evidence for
VP4 association with microtubules was provided by double
labeling of infected cells with anti-VP4 MAb 7.7 (green) and
anti-b-tubulin coupled to CY 3 (red). As seen in Fig. 7D to F,
the two proteins were colocalized all over the cytoplasm of
infected cells. It can be noted that in some cells there are,
along the fibrils, small annular spots stained with both anti-
bodies that are reminiscent of small vesicles.

The pattern of cytoplasmic fluorescence of the fusion pro-
tein VP4-GFP showed that the chimeric proteins in COS-7

FIG. 5. Identification of virus proteins associated with the cell membrane.
Plasma cell membranes of MA104 cells infected with the RF strain of rotavirus
(MOI 5 10) were biotinylated at 6 h p.i. Then, cells were lysed as described in
Materials and Methods, and biotinylated proteins were precipitated by strepta-
vidin-agarose beads. Complexes from biotinylated infected cells (Infp.) or mock
infected biotinylated cells (M.Infp.) or nonbiotinylated infected cells (inf.) were
eluted by boiling in denaturing buffer sample and separated by SDS-PAGE (10%
acrylamide; MOPS-Tris Novex system). Controls run on the same gel consisted
of purified TLPs, and a total-cell lysate from infected cells (Total). Identical gels
were blotted on a PVDF membrane and immunostained with polyclonal anti-
body 8148F directed against structural viral proteins (A), with MAb 5.73 directed
against spike viral protein VP4 (B), or with MAb 164E22 directed against VP2
(C). Blots were revealed with anti-rabbit or anti-mouse alkaline phosphatase
conjugate, respectively.

FIG. 6. Accessibility of viral proteins at the cell membrane. Cell monolayers
were infected with rotavirus strain RF at an MOI of 10 (Inf.) or mock infected
(M.Inf.). At 6 h p.i., an aliquot of infected cells was treated for 15 min with 200
mg of trypsin per ml (Inf.1Trypsin) at room temperature, and another aliquot
was not treated (Inf.). Then, surface proteins were biotinylated, and aliquots of
cell lysate corresponding to 106 cells were incubated overnight with specific
antibodies. Complexes were immunoprecipitated by protein A-Sepharose and
boiled in denaturing sample buffer for 5 min. Proteins were separated by SDS-
PAGE (10% acrylamide; Bis-Tris Novex system) and blotted on a PVDF mem-
brane, and virus proteins coupled to biotin were revealed by a streptavidin-
alkaline phosphatase reaction. Immunoprecipitation by anti-VP2 164E22 (lane
1), anti-VP4 5.73 (lane 2), anti-RF 8148 (lane 3), and anti-VP7 M60 (lane 4).
Lanes M and TLP correspond to molecular weight markers and biotinylated
TLP, respectively.
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cells form tubular structures similar to those observed with
VP4 in rotavirus-infected MA104 cells (Fig. 7C). However, the
recombinant VP4 did not form the punctuated staining ob-
served in the cytoplasm of rotavirus-infected MA104 cells. As
described above, there was a perfect colocalization in infected
cells between VP4-GFP and b-tubulin in transfected COS-7
cells when b-tubulin was stained with monoclonal anti-b-tubu-
lin coupled to CY 3 (results not shown).

DISCUSSION

In contrast with several rotavirus proteins, the localization of
VP4 in infected cells has been poorly characterized. Processing
of VP4 in the host cell and the mechanism by which it is
assembled into infectious viral particles remains unclear. It is

generally admitted that VP4 is located in the space between
the periphery of the viroplasm where double-layer particles are
assembled and the endoplasmic reticulum where the matura-
tion of the virions by acquisition of the outer capsid takes place
(10, 31). In this work, we studied the localization of VP4 in
rotavirus-infected cells during the first steps of the viral life
cycle. We clearly demonstrated that a major fraction of VP4
was cytoplasmic and colocalized with microtubules and that
another significant fraction was at the plasma membrane of
infected epithelial MA104 cells. A series of evidence, including
flow cytometry analysis, confocal microscopy, and cell surface
labeling, showed that the fraction of VP4 detected at the
plasma membrane was neither of parental origin nor associ-
ated with the release of mature viral particles. Spike proteins
found in the membrane were neosynthesized, since MAbs
against VP4 did not bind to the cell surface either before 3 h
p.i. or to cycloheximide-treated infected cells. Confocal mi-
croscopy analysis of nonpermeabilized cells showed a perfect
colocalization between VP4 and the plasma membrane that
was not due to the VP4 of neoformed viral particles budding at
the cell surface or released in the medium and readsorbed at
the cell surface. If that was the case, the MAb (2G4) that reacts
with the tips of the VP4 spikes on viral particles (34) would
have labeled the plasma membrane. Similarly, a colocalization
of VP7 with the plasma membrane would have been detected
if neoformed viral particles were at the cell surface, which was
not the case with the cross-reactive anti-VP7 MAb M60. The
presence of VP4-GFP chimera at the cell surface in transfected
COS cells was consistent with observations of infected cells and
indicated that (i) the targeting of VP4 to the plasma membrane
is not strictly dependent of the presence of other viral protein,
and (ii) the transport of VP4 to the membrane results in the
interaction of VP4 with cellular protein(s).

Spike glycoproteins of enveloped viruses (e.g., E1 and E2

FIG. 7. Laser confocal microscopy of MA104 cells infected with bovine rotavirus or COS-7 cells expressing VP4-GFP chimera. MA104 cells were grown on slides,
infected at an MOI of 1, fixed 6 h later with 2% PFA, and finally permeabilized with 1% Triton X-100. Cytoplasmic viral antigens were immunostained with MAb
RV138, specific to VP6 (A) and MAb 7.7, specific to VP4 (B, D, and F), followed by an anti-mouse IgG conjugated to Alexa-488 (green). Microtubules were stained
with an anti-b-tubulin MAb conjugated to CY 3 (red) (E to F). In panel F, both stains are superimposed, and colocalization appears in yellow. COS-7 cells fixed 48 h
posttransfection with a plasmid directing the expression of the chimeric VP4-GFP protein were directly observed by confocal microscopy with the same excitation and
emission wavelength used above for Alexia-488 (C). Bar 5 20 mm.

FIG. 8. Effect of nocodazole on the localization of VP4. Cells were grown on
slides, infected at an MOI of 1, not treated (A) or treated with 10 mg of
nocodazole per ml (B), fixed 6 h later with 2% PFA, and finally permeabilized
with 1% Triton X-100. Cells immunostained with anti-VP4 MAb 7.7 as described
above were observed by confocal microscopy. Bar 5 20 mm.
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proteins of alphaviruses) are detected early at the plasma
membrane of infected cells. To our knowledge, localization of
spike proteins at the plasma membrane of nonenveloped virus-
infected cells has not been reported to date. Most proteins that
are exported to the cell surface possess signal sequences and
are secreted via the Golgi apparatus. By contrast, a small group
of proteins which, like rotavirus VP4, lack signal sequences has
been reported to be transported by unknown Golgi-indepen-
dent mechanisms, including VP22, a structural protein of
HSV-1 (9). VP22 movement inside the cell involves the actin
cytoskeleton and is sensitive to cytochalasin D treatment. Mi-
crotubule motors and microtubule-associated proteins were
involved in transporting membrane proteins to the cell surface
in MDCK cells (19). VP4 has not been shown to be glycosy-
lated (10), and its colocalization with b-tubulin strongly sug-
gests that it is transported to the cell surface through the
microtubule network.

In-situ labeling of infected MA104 cell membrane with bi-
otin, followed by Western blot analysis, showed the noncleaved
form of VP4 on the plasma membrane associated with the
glycoprotein VP7. VP4 was biotinylated but VP7 was not,
suggesting that VP7 was not accessible to biotin being either
hidden by VP4 or in a conformation specific to its nonas-
sembled state that hides sulfo-NHS-LC-biotin-reactive resi-
dues or localized at the cytoplasmic face of the plasma mem-
brane. This latter hypothesis is consistent with the absence of
immunostaining of nonpermeabilized cell membrane with anti-
VP7 MAb and with the reported existence of hetero-oligomers
of VP4, VP7, and NSP4 in the infected cell cytoplasm (24).

Analysis of VP4 distribution in cytoplasm by confocal mi-
croscopy proved that VP4 in infected cells colocalized with
b-tubulin. Similarly, VP4 was expressed in transfected, nonin-
fected COS cells as a fusion protein with GFP colocalized with
b-tubulin. However, it seems that infection modified the mi-
crotubule network to tubular structures presenting some sim-
ilarity in their organization with dynamic microtubules. These
findings were obtained after gentle fixation of infected cells at
room temperature to keep the cytoskeleton intact, since low
temperature is known to depolymerize tubulin and disturb the
microtubules. Previously, it was known from the work of Dales
et al. (6) that reovirus could associate with microtubules in
vivo, but the role of individual capsid protein implicated in this
association is still not completely clarified (26). In vitro reovi-
rus type 1 particles exhibit a high level of specific affinity for
purified microtubules that correlated with the presence of type
1 cell attachment protein s1 (2). Bluetongue virus particles are
also associated with the cytoskeleton and possibly with inter-
mediate filaments (8). In neurons, rotavirus not only binds to
but also causes reorganization of microtubule-associated pro-
tein 2 (41). In epithelial cells (CV1), it causes selective vimen-
tin reorganization (40). In this work, we have shown that in
epithelial cells (MA104), rotavirus particles did not bind to
microtubules; if such were the case, we would have seen a
distribution of other capsid proteins (e.g., VP6) along the mi-
crotubules.

A number of enveloped virus glycoproteins are transported
to the cell surface by microtubules, as described for the con-
stitutive apical transport of the viral glycoproteins, type I pro-
tein F and type II protein HN of Sendai virus (39). In contrast,
much less is known about in vivo interaction of microtubules
with spike proteins or cell attachment proteins of nonenvel-
oped virus. To our knowledge, none of these proteins, includ-
ing reovirus s1 or bluetongue VP2, has been identified at the
plasma membrane. Microtubules have been implicated in
many processes transporting nonglycosylated proteins to the
plasma membrane of epithelial cells and to the apical pole of

polarized cells (27). It can be hypothesized that VP4 is trans-
ported to the plasma membrane by microtubules, sometimes
bypassing the Golgi apparatus and in association with vesicular
structures corresponding to the fluorescent ring-shaped spots
observed in rotavirus-infected cells after immunostaining with
anti-VP4 or with anti-b-tubulin antibodies (Fig. 7D to F).

VP4 proteins play a key role in rotavirus biology, particularly
in virus entry (7, 13, 21). VP4 forms spikes that project from
mature viral particles. In this study, VP4 was detected on the
plasma membrane of MA104 cells. This localization could be
an early step in virus release, because rotavirus is released from
the apical pole of CaCo-2 polarized cells, and transport of viral
particles bypass the classical secretory pathway (15). The re-
sults we have presented here disclosed new properties of VP4
during the virus life cycle: its association with microtubules and
its accessibility to the cell surface. They suggest new functions
for VP4 and address several questions, including which micro-
tubule protein interacts with VP4 and which domain of VP4 is
responsible for targeting the plasma membrane. These prob-
lems are currently being explored.
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