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Endocytosis has recently been implicated in rotavirus (RV) entry. We examined the role of Rabs, which regulate endosomal traf-
ficking, during RV entry. Several structural proteins of neuraminidase-sensitive and -insensitive RVs colocalized with Rab5, an
early endosome marker, but not Rab7, a late endosome marker. Dominant-negative and constitutively active mutants demon-
strated that Rab5 but not Rab4 or Rab7 affects rhesus RV (RRV) infectivity. These data suggest that early RRV trafficking is con-
fined to the early endosome compartment and requires Rab5.

Rotavirus (RV), a nonenveloped member of the Reoviridae
family, is the single most important cause of severe diarrhea

globally and is a leading cause of death in children under the age of
5 (17). The virus particle encloses 11 double-stranded RNA seg-
ments within a triple-layered icosahedral capsid. The outermost
layer is composed of the glycoprotein VP7 and protruding spikes
of trimeric VP4. Two major domains comprise VP4. VP5* forms
the foot of the spike, whereas VP8* is the head (5, 6). While the
mechanisms governing RV cellular entry are not fully understood,
both VP7 and VP4 are required for binding and penetration (15,
21). Like fusion mechanisms in enveloped viruses, VP5* is be-
lieved to rearrange upon uncoating and membrane interaction,
resulting in a folded-back trimeric structure which is proposed to
mediate membrane penetration (4, 5, 26, 28, 29). Although RV
entry was initially thought to occur via direct plasma membrane
penetration (7, 13), recent studies indicate that RV traffics
through the endosomal pathway (1, 10, 22, 27). As different RV
strains, which vary in neuraminidase (NA) sensitivity of cell bind-
ing, may use distinct endocytic pathways, a definitive model of RV
entry does not currently exist (10, 22, 27). We recently demon-
strated that rhesus RV (RRV) enters a polarized epithelium using
the endosomal route, as evidenced by colocalization of trimeric
VP7 and VP5* with endosomal markers Rab4 and Rab5 (27). Fur-
thermore, specific pharmacological interventions reduced RRV
infectivity (27). Rabs, small cellular GTPases important in endo-
somal trafficking, are powerful tools for studying endocytosis due
to their unique expression in specific endocytic compartments
and fine regulation of vesicular trafficking (24). Dominant-
negative (DN) and constitutively active (CA) Rab mutants have
been widely used to identify the entry trafficking steps required by
various viral infections (11, 14, 16, 19, 23). Rab5, which is present
at the plasma membrane but is preferentially associated with early
endosome (EE) vacuoles (23), functions in internalization, trans-
port of newly formed vesicles to the EE, fusion, and trafficking to
the late endosome (LE). Rab4 localizes primarily to the EE and
regulates recycling to the plasma membrane. Rab7, present on the
LE, governs transfer to lysosomes. Rab5 and Rab7 are proposed to
be present on the maturing endosome, an intermediary vesicle
between the EE and LE (16).

Here, we examined the roles of Rab proteins during RRV entry.
Rab5 has previously been demonstrated to colocalize with tri-
meric VP7 and VP5* in polarized MDCK cells (27). The present
study used MA104 cells, which are derived from rhesus monkey

kidneys and are reasonably transfectable and highly permissive for
many RV strains. Furthermore, RRV entry into MA104 cells has
been widely studied (2, 9, 10, 12, 22). To verify colocalization of
RRV structural proteins with Rab5 during MA104 entry, cells
were transfected with Rab5-enhanced green fluorescent protein
(EGFP) for 16 h (Lipofectamine LTX; Invitrogen). A total of 25 to
50% of the cells subsequently expressed detectable levels of Rab5,
as assessed by EGFP expression. Western blot analysis using an
anti-GFP antibody confirmed that EGFP expression was due to
Rab5-EGFP expression and not EGFP expression alone (data not
shown). Transfected cells were then infected with RRV (multiplic-
ity of infection [MOI], 100; grown and activated as previously
described [27]) for 15 min at 37°C. Cells were washed 3 times with
phosphate-buffered saline (PBS) and fixed with 3% paraformal-
dehyde in 100 mM phosphate buffer (pH 7.4) for 10 min. Immu-
nostaining was performed with monoclonal antibodies (MAb) to
the RV structural proteins VP6 (1E11), VP7 (159), and VP5*
(2G4) and anti-mouse Alexa 594 secondary antibody (Invitro-
gen). Mounting and imaging by confocal microscopy (LSM710;
Zeiss, Jena, Germany) were performed as described previously
(27). Each experiment was performed at least 5 times, and an
average of 5 fields was acquired for each experiment under each
condition.

We detected VP5* (Fig. 1A to C and M), trimeric VP7 (Fig. 1D
to F and M), and a significant but smaller amount of VP6 (Fig. 1G
to I and M) in Rab5-EGFP� vesicles, indicating that RRV enters
MA104 cells via endocytosis and traffics through the EE pathway.
Colocalization correlation (Fig. 1M) was calculated using the Vo-
locity Colocalization module (PerkinElmer). Consistent with pre-
vious findings for MDCK cells (27), colocalization was not ob-
served between Rab7 and VP6 (Fig. 1G to L) or VP7 or VP5*, and
colocalization levels were not significantly different from back-
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FIG 1 RRV VP5* (A to C) and VP7 (D to F) associated with the early endosomal marker Rab5-EGFP in MA104 cells at 15 min postinfection. Colocalization
events are highlighted by white boxes that are shown at higher magnification at the bottom right of the pictures. VP6 associated with Rab5 to a significant but
lesser degree (G to I and M) but not with Rab7-EGFP (J to L). Bar, 10 �m. (M) Average percentage of red pixels (RRV�) that are also green (Rab5�) under each
condition for each field. Fields in which cells were both transfected but not infected and infected but not transfected were used to measure background levels. ���,
P � 0.001; ��, P � 0.01 (one-way analysis of variance [ANOVA] test followed by the Newman-Keuls multiple-comparison posttest).
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ground levels under these conditions (data not shown). We per-
formed the same experiment using UK, a bovine NA-insensitive
RV strain with cellular receptor requirements different from those
of NA-sensitive RRV (8, 10). As observed for RRV, Rab5 colocal-
ized with UK VP5* (Fig. 2A to C and G) and significantly less with
UK VP6 (Fig. 2D to F and G), indicating that Rab5 is important for
RV entry independent of NA sensitivity and receptor use. These
findings demonstrate that RV is present in the EE pathway during
the early stages of entry but do not exclude a later transfer of RV
through the LE that is too transitory to be detected.

We next used DN and CA mutants of Rab4A, Rab4B, Rab5,

and Rab7 to further investigate the functional importance of each
Rab during RRV entry. The DN mutants do not get activated and
do prevent trafficking to the downstream endosomal compart-
ment (25). CA Rab5 mutants stimulate the rate of endocytosis and
homotypic fusion of the EE, whereas DN Rab5 prevents vesicle
fusion (25). At 16 h after mutant transfection, MA104 cells were
infected with RRV (MOI, 2) for 1 or 6 h. Cells were resuspended,
fixed, and permeabilized using Cytofix/Cytoperm (BD Biosci-
ences, San Jose, CA), stained for VP6 (phycoerythrin conjugated
by Chromoprobe Inc., Maryland Heights, MO) (3), and examined
by flow cytometry. In each experiment, 50,000 events were re-

FIG 2 (A to C) UK VP5* associated with the early endosome marker Rab5-EGFP in MA104 cells at 15 min postinfection. Colocalization events are highlighted
by white boxes that are shown at higher magnification at the bottom right of the pictures. (D to F and G) UK VP6 was significantly less associated with Rab5 than
VP5*. Bar, 10 �m. (G) Average percentage of red pixels (UK�) that are also green (Rab5�) under each condition for each field. ���, P � 0.001; ��, P � 0.01
(one-way ANOVA test followed by the Newman-Keuls multiple-comparison posttest).
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corded for each condition. The presence of VP6 staining at 6 hours
postinfection (h p.i.) was considered indicative of rotaviral repli-
cation, as VP6 staining was not detectable at 1 h p.i. under these
low-MOI conditions (data not shown). In each well, infectivity in
nontransfected (GFP�) cells, defining 100% of control infections,
was compared to infectivity in cells expressing each Rab mutant
(GFP�) (Fig. 3). The expression of DN Rab5, but not DN
Rab4A/B or DN Rab7, significantly reduced the number of RRV-
infected cells. These results indicate that Rab5 activity is required
for optimal RRV infectivity, while Rab4A/B and Rab7 activity is
dispensable. Interestingly, CA Rab5 expression, which accelerates
endocytosis rates and blocks EE-to-LE conversion, inhibiting LE
fusion (20), significantly increased RRV infection, suggesting that
cells expressing activated Rab5 are more likely to internalize and
replicate virus and that trafficking to the LE is dispensable for RRV
infectivity. The CA Rab4 mutant slightly but not significantly in-
creased infectivity, whereas CA Rab7 had no effect, further sup-
porting the unique importance of Rab5 for RRV replication.

In addition to increasing the rate of endocytosis, the expression
of CA Rab5 stimulates EE homotypic fusion, resulting in a greatly
enlarged EE and inhibition of LE fusion (11, 20, 25). Viruses that

FIG 3 Effect of wild-type (WT), DN, and CA Rab4A-, Rab4B-, Rab5-, and
Rab7-EGFP expression on RV cell infection. The percentages of cells express-
ing mutant Rab-GFP proteins that were VP6 positive compared to infection
rates of nontransfected cells from the same well are shown. ���, P � 0.001; ��,
P � 0.01; �, P � 0.05 (one-way ANOVA test followed by the Newman Keuls
multiple-comparison posttest).

FIG 4 Distribution of VP5* at 1 h p.i. in MA104 cells expressing CA Rab5-GFP mutants. Individual (A and B) and merged (C) images of Rab-GFP (green) and
VP5* (red) are shown. Bar, 10 �m. (D) Average percentage of red pixels (RRV�) that are also green (Rab5-CA�) for each field.
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require trafficking to the LE or lysosome for infectivity accumulate
in large amounts in these enlarged vesicles (11, 18, 19). RRV, un-
like canine parvovirus, for example, was present only in modest
amounts, as evidenced by VP5* (Fig. 4), VP6, or VP7 (data not
shown) staining at 1 h p.i. RRV VP5* was present primarily out-
side EE vesicles, suggesting that RRV exits EEs and does not re-
quire trafficking to downstream compartments.

These data support the conclusion that RV enters the cell via an
endocytosis pathway that is independent of an NA-dependent
component of cell receptor usage. The findings further suggest
that RRV entry is substantially restricted to the EE compartment,
as virus is detected outside EE vesicles even when trafficking to
downstream compartments is blocked. Viral decapsidation and
endosomal exit likely occur immediately after the endocytic vesi-
cle fuses with the EE, explaining why relatively few colocalization
events between viral proteins and Rab5 are detectable. Together,
these results strengthen the current model of RV cell entry in
which low Ca2� concentrations in the EE promote uncoating and
VP5* foldback. The resulting formation of a new spike structure
penetrates the endosomal membrane, allowing the release of tran-
scriptionally active double-layered rotaviral particles into the cy-
toplasm.
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