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ABSTRACT One step of the life cycle common to all rotaviruses (RV) studied so far
is the formation of viroplasms, membrane-less cytosolic inclusions providing a mi-
croenvironment for early morphogenesis and RNA replication. Viroplasm-like struc-
tures (VLS) are simplified viroplasm models consisting of complexes of nonstructural
protein 5 (NSP5) with the RV core shell VP2 or NSP2. We identified and characterized
the domains required for NSP5-VP2 interaction and VLS formation. VP2 mutations
L124A, V865A, and I878A impaired both NSP5 hyperphosphorylation and NSP5/VP2
VLS formation. Moreover, NSP5-VP2 interaction does not depend on NSP5 hyper-
phosphorylation. The NSP5 tail region is required for VP2 interaction. Notably, VP2
L124A expression acts as a dominant-negative element by disrupting the formation
of either VLS or viroplasms and blocking RNA synthesis. In silico analyses revealed
that VP2 L124, V865, and I878 are conserved among RV species A to H. Detailed
knowledge of the protein interaction interface required for viroplasm formation may
facilitate the design of broad-spectrum antivirals to block RV replication.

IMPORTANCE Alternative treatments to combat rotavirus infection are a require-
ment for susceptible communities where vaccines cannot be applied. This demand
is urgent for newborn infants, immunocompromised patients, adults traveling to
high-risk regions, and even for the livestock industry. Aside from structural and
physiological divergences among RV species studied before now, all replicate within
cytosolic inclusions termed viroplasms. These inclusions are composed of viral and
cellular proteins and viral RNA. Viroplasm-like structures (VLS), composed of RV pro-
tein NSP5 with either NSP2 or VP2, are models for investigating viroplasms. In this
study, we identified a conserved amino acid in the VP2 protein, L124, necessary for
its interaction with NSP5 and the formation of both VLSs and viroplasms. As RV vac-
cines cover a narrow range of viral strains, the identification of VP2 L124 residue lays
the foundations for the design of drugs that specifically block NSP5-VP2 interaction
as a broad-spectrum RV antiviral.
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Rotaviruses (RVs) are double-stranded RNA (dsRNA) viruses of the Reoviridae family
and are responsible for severe gastroenteritis in infants and young children, killing

approximately 128,000 children per year, mainly in developing countries (1). RV virions
are organized in three concentric layers surrounding the viral genome. The spike
protein VP4 and the glycoprotein VP7 form the outermost layer, while VP6 makes up
the intermediate layer. The innermost layer, the core shell, is composed of 120 copies
of VP2, organized in twelve asymmetric decamers (2). Each core shell encapsidates
the eleven segments of the viral genome as well as the replication complexes
composed of the RNA-dependent RNA polymerase (RdRp) VP1 and the guanylyl-
methyltransferase VP3. There is evidence that one replication complex is located
beneath each 5-fold axis of the twelve VP2 decamers (2, 3). During virus entry the
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external layer is lost, and a transcriptionally active double-layered particle (DLP) is
released into the cytosol (4). The newly released transcripts enable the synthesis of
viral proteins necessary for viral replication. Among those proteins, the NTPase/
RTPase NSP2 and the phosphoprotein NSP5, together with the structural proteins
VP1, VP2, VP3, and VP6 and the nonstructural NSP4, constitute the RV factories
termed viroplasms (5, 6). The viroplasms correspond to membrane-less cytosolic
electron-dense inclusions where viral genome transcription and replication, as well
as the packaging of the newly synthesized pregenomic RNA segments into the viral
cores, take place. Interestingly, coexpression of the main viroplasm protein, NSP5,
with either NSP2 or VP2 leads to the formation of cytosolic inclusions, named
viroplasm-like structures (VLS), that are morphologically similar to viroplasms but
unable to yield viral progeny (7–12). VLS serve as a useful simplified model for
studying RV viroplasms, since they share physiological traits with viroplasms,
including coalescence and perinuclear condensation (10, 13–15). NSP5 is hyper-
phosphorylated (16, 17) and O-GlcNAc glycosylated (18). While the role of NSP5
phosphorylation in RV replication remains obscure, it has been demonstrated that
NSP2 or VP2 is required to enhance the hyperphosphorylation state (19, 20).
Moreover, NSP5 is required for viroplasm formation and virus replication, as shown
by knockdown experiments using short interfering RNAs (siRNAs) (21, 22). NSP5 has
a multifunctional role in the RV life cycle, interacting with NSP6 (12), NSP2 (9), VP1
(23), VP2 (24), and, in an unspecific manner, dsRNA (25), which also is consistent
with its predicted partially unfolded nature (26–28). NSP5 was recently described as
being covalently sumoylated (29), suggesting that this modification is a prerequire-
ment for the interaction with viral or host components. Taking these studies
together, NSP5 can be considered an essential component for RV replication.
Likewise, the core shell protein VP2, besides its structural function protecting the
viral genome, is also able to activate and regulate the RdRp VP1 protein (30),
permitting genome replication. In triple-layered particles and DLPs, VP2 spontane-
ously oligomerizes by forming an asymmetric decameric structure with VP2 iso-
forms A and B that converges in the 5-fold axis and cannot dissociate (2, 28, 31–33).
Each subunit of the decamer is composed of a primary domain of VP2 (residues
�100 to 880), forming a thin comma-shaped plate, which in turn also divides into
three subdomains: apical, central, and dimer forming. The N-terminal domain (NTD)
(residues �1 to 100 for type A and �1 to 80 for type B) is unfolded and localizes
in the decamer beneath the 5-fold axis. VP1, VP3, VP6, and NSP2 (2, 34–36), as well
as unspecific single-stranded RNA (ssRNA) (37), have been mapped to bind to VP2,
most of them directly associated with the NTD. However, these viral proteins can
also make contact with the VP2 scaffold region; for example, VP1 contacts the VP2
region 341–374 (38–40). These interactions are all directly related to the core shell
structure and genome replication and transcription. VP2 is also a main component
of the viroplasms, as denoted by immunofluorescence of RV-infected cells and its
ability to form VLS when coexpressed with NSP5 (7, 10, 41). The VLS induced by VP2
(here termed VLS) are dynamic and able to shift to the perinuclear region by a
mechanism that is still under investigation (10). Further evidence indicates that VP2
triggers NSP5 hyperphosphorylation (7). Recently, it was suggested that VP2 has
additional roles at early times postinfection because of its interaction with NSP2,
preventing its spontaneous oligomerization and sumoylation, which increases the
ability of VP2 to interact with other proteins (10, 29). Therefore, we hypothesized
that the interaction of these two proteins to form VLS is an essential step for RV
replication.

In this study, we show that specific point mutations in VP2 abrogate VLS formation
by disrupting NSP5 binding and phosphorylation. Additionally, we demonstrate that
NSP5 requires its 18 C-terminal amino acids to interact with VP2 directly. Importantly,
VP2 harboring the point mutation L124A disrupts VLS induced by the expression of
NSP5-VP2 and NSP5-NSP2. Similarly, in RV-infected cells, VP2 L124A expression results
in a reduced number of infected cells and viroplasms with aberrant structures and
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defective in viral RNA synthesis. Altogether, these data provide the mechanistic expla-
nation that a conserved NSP5-VP2 interaction interface is required for efficient RV
replication.

RESULTS
VP2 amino acid regions 103–135 and 840 – 880 are necessary for VLS formation

with NSP5. To elucidate the nature of the association between NSP5 and VP2, we
assessed the capacity of these two proteins to form viroplasm-like structures when
coexpressed in the absence of other rotavirus proteins (7). To this end, and as denoted
in Fig. 1A, we constructed a series of VP2 mutants by deleting N-terminal and
C-terminal regions as well as constructs expressing single regions of the protein based
on the published tertiary VP2 structure (42). For the detection of the VP2 deletion
mutants, a human influenza virus hemagglutinin (HA) tag was added at the N terminus.
All HA-VP2 deletion mutants were verified by immunoblotting for correct expression
and size (data not shown). We next performed immunofluorescence analysis of cotrans-
fected cells to assess VLS formation, which was considered positive only when colo-
calization of both HA-VP2 and NSP5 was observed in cytosolic inclusions. The results,
summarized in Fig. 1, show that full-length HA-VP2 (fl) was homogeneously distributed
in the cytosol of transfected cells (Fig. 1B, top row, �NSP5). However, when HA-VP2fl
was coexpressed with NSP5 (Fig. 1B, top row, �NSP5), it formed cytosolic inclusions
that colocalized with NSP5, corresponding to VLSs. In the presence of NSP5, HA-
VP2ΔN103 was able to form VLSs, while HA-VP2ΔN135 was not (Fig. 1B). The shortest
HA-VP2 C-terminal deletion mutant tested (Fig. 1B), HA-VP2 ΔC840, was also unable to
form VLSs when coexpressed with NSP5, suggesting that the amino acid region 840 to
880 is necessary for VLS formation with NSP5 as well. Of note, none of the constructs
that tested positive for VLS formation colocalized with ubiquitin when coexpressed
with NSP5 (data not shown), suggesting that the observed structures correspond to
genuine VLS. These data indicate that amino acids 103 to 135 and 840 to 880 (termed
regions 103–135 and 840 – 880) of VP2 are necessary for VLS formation between VP2
and NSP5. As expected, none of the HA-VP2 single regions formed VLSs when coex-
pressed with NSP5. A summary of the results of all HA-VP2 deletion mutants tested for
VLS formation is shown in the right column of Fig. 1A.

VP2 amino acids L124, V865, and I878 are required for VLS formation. We next
determined the residues in region 103–135 of VP2 (RV simian strain SA11) that are
relevant for VLS formation. For this, we first performed primary sequence alignment of
all VP2 proteins from species A to H (Fig. 2A). This analysis revealed that four amino acid
residues are highly conserved among all the aligned VP2 proteins, specifically I106,
D112, L124, and I127. To analyze their role in VLS formation, we mutated each of these
residues to alanine in HA-VP2ΔN103, which is the minimal HA-VP2 deletion mutant able
to form VLS when coexpressed with NSP5. The point mutations I106A, D112A, and
I127A (data not shown), as well as the parent construct (HA-VP2ΔN103), supported the
formation of VLS together with NSP5, while HA-VP2ΔN103 (L124A) did not. VP2 carrying
this point mutation (L124A) also was not able to form VLS with NSP5 when introduced
into a full-length untagged VP2 (Fig. 2C), while wild-type (wt) VP2 and VP2 D112A did
(D112A was chosen as a positive control for NSP5-HA-VP2ΔN103 VLS formation [data
not shown]).

Similarly, as for the VP2 region 103–135, we aligned the amino acid region 840 – 880
of VP2-SA11 using all the sequences deposited in the NCBI database for VP2. This
alignment revealed several conserved amino acids in VP2, including M843, L856, V860,
V865, F873, and I878, in RV species A to H (Fig. 2B). Interestingly, F850 was highly
conserved among RVA, RVC, RVF, and RVD species but absent from RVB, RVG, and RVH
species. We mutated each of these residues to alanine in wt VP2 and tested for VLS
formation in coexpression with NSP5. As shown in Fig. 2C, wt VP2 and VP2 harboring
point mutations M843A, F850A, L856A, V860A, and F873A were able to form VLS. In
contrast, VP2 harboring a point mutation in residues V865 and I878 was unable to form
VLS. In contrast to wt VP2, the mutants VP2 V865A and I878A do not diffuse homo-
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geneously in the cytosol. However, they did not form aggresomes either (data not
shown), suggesting the spontaneous generation of genuine or aberrant core-like
structures. All the other point mutations maintained their ability to form VLS. Impor-
tantly, as observed in Fig. 3A, cognate NSP5(SA11)-VP2(SA11) pairs, as well as unrelated

FIG 1 VP2 amino acid regions 103–134 and 840 – 880 are necessary for VLS formation. (A) Schematic
representation of VP2 deletion mutants fused to an HA tag at the N terminus (not to scale). The dashed
lines correspond to deleted regions. Positive (�) or negative (�) VLS phenotype is indicated at the right.
N-terminal (NTD), central, apical, and dimerization (dim) VP2 tertiary domains are indicated. (B) Repre-
sentative photomicrographs of MA104 cells expressing the indicated N and C termini of HA-VP2 deletion
mutants alone (�NSP5 panel) or together with NSP5 (�NSP5 panel). At 16 hpt, cells were fixed and
immunostained for detection of HA-VP2 deletion mutant (anti-HA, red) and NSP5 (anti-NSP5, green). A
merged image is shown in the right column. Nuclei were stained with 4=,6-diamidino-2-phenylindole
(DAPI) (blue). White arrows point to VLS. Scale bar is 10 �m.
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FIG 2 VP2 residues L124, V865, and I878 are required for VLS formation. Alignment of rotavirus VP2 (strain SA11) amino acid region 103–135 (A) and region
840 – 880 (B). The VP2 amino acid sequences of several representative virus strains are shown. GenBank accession numbers are listed in Materials and Methods.
Members of rotavirus families A to H are indicated. Highly conserved amino acids are shown in dark blue. Amino acid residues mutated to alanine are indicated
at the top. A minus sign indicates deletion. (C) Immunofluorescence of MA104 cells expressing wt VP2 or point mutations alone (�NSP5 column) or together
with NSP5 (�NSP5 panel). At 16 hpt, cells were fixed and VLS were detected by immunostaining of HA-VP2 (anti-HA, red) or VP2 (anti-VP2, green) with NSP5
(anti-NSP5, green or red). A merged image is shown in the right column. Nuclei were stained with DAPI (blue). Scale bar is 10 �m.
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NSP5(OSU)-VP2(SA11), can form VLS. Meanwhile, VP2L124A impairs VLS either with
NSP5(SA11) or NSP5(OSU). Collectively, our data suggest that L124, V865, and I878 of
VP2-SA11 are necessary for VLS formation in the presence of NSP5.

VP2 residues L124, V865, and I878 are required for triggering NSP5 hyper-
phosphorylation. NSP5 is a phosphoprotein that, during RV infection, shows a
mobility shift on SDS-PAGE corresponding to a hyperphosphorylated pattern (16,
17). However, when NSP5 is expressed in the absence of other viral proteins, it is
detected only as a single band (19). Interestingly, it has been described that the
coexpression of NSP5 with NSP2 (19) and VP2 (7) triggers the NSP5 hyperphospho-
rylation pattern. In order to determine which VP2 regions are involved in triggering
the NSP5 hyperphosphorylation, we analyzed cell extracts coexpressing NSP5 in the
presence of VP2 constructs with deletions at the N terminus (Fig. 4A) and C

FIG 3 VLS formation and triggering of NSP5 hyperphosphorylation from cognate and noncognate strains are
sensitive to VP2 L124A. (A) Immunofluorescence of MA104 cells for detection of VLS composed of NSP5 from simian
strain SA11 (top) or NSP5 from porcine strain OSU (bottom) in coexpression with VP2 from simian strain SA11 wt
or L124A. At 16 hpt, cells were fixed and immunostained for detection of NSP5 (anti-NSP5, green) and VP2
(anti-VP2, red). A merged image is in the right column of each panel. Nuclei were stained with DAPI (blue). Scale
bar is 10 �m. (B) Immunoblotting of lysates from MA104 cells coexpressing NSP5-OSU (lanes 1 to 3) or NSP5-SA11
(lanes 4 to 6) with VP2-SA11 wt (lanes 2 and 5) or L124A (lanes 4 and 6). The membranes were incubated with
specific antibodies for the detection of NSP5. Alpha-tubulin was used as a loading control. The red brackets indicate
NSP5 hyperphosphorylation. (C) Sequence alignment of NSP5 from simian strain SA11 and porcine strain OSU. The
identity between the two proteins corresponds to 94.95%. Noncanonical casein kinase I alpha region and
oligomerization tail are labeled in blue and red, respectively.
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terminus (Fig. 4B). As shown in Fig. 4, wt VP2 and VP2ΔN81 (Fig. 4A, lanes 2 and 3,
and B, lane 2) triggered NSP5 hyperphosphorylation, while all other VP2 deletion
mutants tested did not (Fig. 4A, lanes 4 to 7, and B, lanes 3 to 7), as the NSP5 pattern
was comparable to that when NSP5 is expressed alone (Fig. 4A and B, lane 1).

FIG 4 VP2 residues L124, V865, and I878 are necessary to trigger NSP5 hyperphosphorylation. Coexpression
of VP2 N terminus (lanes 3 to 7) (A) or C terminus (lanes 3 to 7) (B) deletion mutants with NSP5. NSP5 alone
(lane 1) or in coexpression with wt VP2 (fl; lane 2) is shown. NSP5 in cellular extracts was detected by
immunoblotting. Alpha-tubulin was used as a loading control. (C) Immunoblotting of total cellular lysates
expressing NSP5 alone (lane 1) or in coexpression with VP2 wt (lane 2) or point mutations (lanes 3 to 5). NSP5
hyperphosphorylation was detected with anti-NSP5, and VP2 was detected with anti-VP2. Alpha-tubulin was
used as a loading control. (D) �-Phosphatase treatment of NSP5 coexpressed with empty vector (�), wt VP2,
or VP2 L124A. NSP5 is visualized by immunoblotting. Untreated (�) and treated (�) samples are indicated.
Red brackets indicate the NSP5 mobility shift. The red dots show the NSP5 unphosphorylated isoform. (E)
Schematic representation of point mutations in wt NSP5 and NSP5 S67D. S to D modification is indicated in
red (44). (F) Immunofluorescence of MA104 cells for detection of VLSs formed with wt or mutant NSP5 with
wt VP2 (upper) or VP2 L124A (lower). At 16 hpt, cells were fixed and immunostained for detection of VLS with
anti-NSP5 (green) and anti-VP2 (red). Nuclei were stained with DAPI (blue). Scale bar is 10 �m. (G) Immuno-
blotting of total cellular lysates expressing wt NSP5 (lanes 1 to 3) or NSP5 S67D (lanes 4 to 6) with wt VP2 or
VP2 L124A. Where indicated, the membranes were incubated with anti-VP2 or anti-NSP5. The brackets
indicate the NSP5 hyperphosphorylation smear. (H) Pulldown assay of cell extracts coexpressing H6-NSP5
(lanes 1 and 2 and lanes 5 and 6) or H6-NSP5 S67D (lanes 3 and 4 and lanes 7 and 8) with wt VP2 (lanes 1,
3, 5, and 7) or VP2 L124A (lanes 2, 4, 6, and 8). Samples were detected by immunoblotting using anti-NSP5
and anti-VP2 antibodies. Input (lanes 1 to 4) and elution fractions are indicated (lanes 5 to 8).
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Similarly, VP2 proteins harboring L124A, V865A, and I878A point mutations (Fig. 4C,
lanes 3 to 5, and 3B, lanes 3 and 6) failed to induce NSP5 hyperphosphorylation as
well (Fig. 4C, lane 2, and 3B, lanes 2 and 4). As previously demonstrated (19), the
treatment of cellular extracts with lambda-phosphatase confirmed that the NSP5
PAGE mobility shift corresponds to phosphorylation (Fig. 4D). Our results suggest
that the VP2 residues involved in VP2-NSP5 VLS formation and in triggering NSP5
hyperphosphorylation are identical.

NSP5 S67D cannot restore VLS formation with VP2 L124A. As previously re-
ported, NSP5 hyperphosphorylation is triggered by phosphorylation on serine 67 when
in the presence of NSP2 (19) or VP2 (7) due to a mechanism involving casein kinase I
(CKI) alpha (43, 44). Interestingly, when serine 67 (Fig. 4E) is mutated to an aspartic acid,
which mimics a phosphorylated serine, NSP5 gets hyperphosphorylated, similar to what
occurs RV infection (44). We therefore investigated whether NSP5 S67D would allow
VLS formation with the VP2 point mutation L124A. For this, we compared VLS forma-
tion of wt NSP5 and NSP5 S67D with wt VP2 (Fig. 4F, upper) or VP2 L124A (Fig. 4F,
lower). As expected, wt NSP5 or NSP5 S67D forms VLS with wt VP2 but not with VP2
L124A. To test whether the phosphorylation state of NSP5 S67D was impaired when
coexpressed with VP2 L124A (Fig. 4G), we inspected the NSP5 hyperphosphorylation
patterns of both wt NSP5 and NSP5 S67D when coexpressed with wt VP2 (Fig. 4G, lanes
2 and 5) or VP2 L124A (Fig. 4G, lanes 3 and 6). wt NSP5, as anticipated, had an increased
mobility shift in the presence of wt VP2 but not in the presence of VP2 L124A, which
showed a pattern comparable to that observed when wt NSP5 is expressed alone.
Surprisingly, NSP5 S67D showed a more substantial shift with wt VP2 (Fig. 4G, lane 2),
while with VP2 L124A a single NSP5 band was detected, similar to that observed when
wt NSP5 was expressed alone (Fig. 4G, lane 3). Since VP2 triggered NSP5 hyperphos-
phorylation, we hypothesized that the hypophosphorylation of NSP5 in the presence of
VP2 L124A is impaired because of the lack of interaction between the two proteins. To
address this (Fig. 4H), we pulled down cellular extracts coexpressing hexahistidine
(H6)-tagged wt NSP5 (H6-NSP5) or NSP5 S67D (H6-NSP5/S67D) with wt VP2 or VP2
L124A. The results showed that independent of the NSP5 genotype (wt or S67D), VP2
L124 did not bind NSP5 while wt VP2 did. Collectively, these data suggest that NSP5
and VP2 associate to form VLS independent of the NSP5 phosphorylation state.

VP2 L124 and I878 are necessary to bind NSP5. To determine if VP2 and NSP5
requirements for VLS formation correlate with their ability to associate, we performed
a pulldown assay by adding an H6 tag at the N terminus of NSP5 (H6-NSP5), followed
by coexpression with wt VP2 or VP2 L124A, VP2 V865A, or VP2 I878A point mutations
(Fig. 5A). As expected, wt VP2 associated with NSP5, as evident by the presence of wt
VP2 in the eluted fraction (Fig. 5A, lane 3). In contrast, VP2 L124A was not detected in
the elution (Fig. 5A, lanes 6), suggesting no association with H6-NSP5. Also, VP2 V865A
got eluted from the pulldown assay (Fig. 5A, lane 9). Meanwhile, VP2 I878 weakly
eluted, suggesting no or weak association with NSP5 (Fig. 5A, lane 12). Interestingly,
when pulling down H6-NSP5 with wt VP2, the NSP5 eluted fraction showed a higher
mobility shift in PAGE (Fig. 5A, lane 3), which represents the NSP5 hyperphosphorylated
fraction. The H6-NSP5 eluted fraction obtained by coexpression with VP2 L124A showed
a unique band that correlated with the unphosphorylated NSP5 isoform.

NSP5 amino acid residues 180 to 198 are necessary for the association with
VP2. It was previously described that the NSP5 tail (T), corresponding to residues 180
to 198, is needed for its dimerization (9, 12, 44) and to associate with NSP2 (9, 35), NSP6
(12), and VP1 (23). Using a pulldown assay, we tested (Fig. 5B and C) the capacity of an
H6-tagged, tail-deleted NSP5 (H6-NSP5ΔT) to bind to VP2. The results show that
H6-NSP5 can bind VP2 while H6-NSP5ΔT did not. Likewise, H6-NSP5Δ1Δ3, an NSP5
deletion mutant known to allow self-dimerization (44), pulled down VP2, whereas the
same NSP5 deletion mutant but without the tail region (H6-NSP5Δ1Δ3ΔT) did not (Fig.
5B and D). Interestingly, H6-NSP5Δ1Δ3 was not able to pull down VP2 L124A (Fig. 5B
and E). To confirm these results, we constructed an H6-tagged enhanced green fluo-
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rescent protein (EGFP) fused at its C terminus with the NSP5 tail (H6-EGFP-T) or region
4 (amino acid residues 134 to 180; H6-EGFP-4). The fusion constructs were coex-
pressed with wt VP2 and pulled down with nickel resin to detect an association with
VP2. As shown in Fig. 5E and F, H6-EGFP-T can bind VP2 while H6-EGFP and

FIG 5 NSP5 tail and VP2 residues L124 and I878 are required for their association. (A) Immunoblotting of nickel resin
pulldown cellular extracts coexpressing histidine-tagged NSP5 (H6-NSP5) with wt VP2 or harboring the indicated
point mutation (ce, cellular extract input; ft, flowthrough; el, column eluate). (B) Schematic representation of
histidine-tagged (H6)-NSP5 deletion mutants used in panels C, D, and E. Amino acid residues delimiting the NSP5
regions are labeled at the top. Images are not to scale. (C) Immunoblotting of pulldown lysates from cells
coexpressing H6-NSP5 (lanes 1 to 3) or H6-NSP5ΔT (lanes 4 to 6) with wt VP2. (D) Immunoblotting of pulldown lysates
from cells coexpressing wt VP2 with H6-Δ1Δ3 (lanes 1 to 3) or H6-Δ1Δ3ΔT (lanes 4 to 6). (E) Immunoblotting of
pulldown lysates from cells coexpressing VP2 L124A (lanes 1 to 3) or wt VP2 (lanes 4 to 6) with H6-Δ1Δ3. When
indicated, the membranes were incubated with anti-VP2 or anti-NSP5 antibody. (F) Schematic representation of
H6-EGFP fused to NSP5 regions used in the assay shown in panel E. Images are not to scale. (G) Plot showing the
wt VP2 binding to H6-EGFP fused to NSP5 C-terminal regions. Data are represented as means � standard deviations
(SD) from four independent experiments. *, P � 0.05 by Student’s t test.
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H6-EGFP-4 cannot. Collectively, these results indicate that the NSP5 tail is required
for the association with VP2.

VP2 and NSP5 are protein-protein interaction partners. The next experiment was
performed to determine whether VP2 and NSP5 proteins can interact directly. For this,
we employed the recently developed tripartite split-GFP association assay (45). As
shown in Fig. 6A, GFP beta strands 10 and 11 are fused to bait (NSP5 or NSP5-T) and
prey (wt VP2 or VP2 point mutations), respectively. The detector fragment GFP1-9OPT
is added separately. When protein interaction occurs (Fig. 6Ai), GFP10 and GFP11 are
tethered and spontaneously associate with the GFP1–9 fragment to form a full-length
GFP, which fluoresces green. If the bait and prey do not interact (Fig. 6Aii), GFP10 and
GFP11 are not tethered, and the assembly of GFP10, GFP11, and GFP1–9 does not occur

FIG 6 NSP5 and VP2 interact directly. (A) Schematic representation of NSP5-VP2 interaction sensor base
in the tripartite split-GFP association. GFP beta strands 10 and 11 are fused to bait, NSP5 or T-NSP5, prey,
wt VP2, or point mutations. The detector fragment, GFP1–9, is added separately. (i) When protein
interaction occurs, GFP10 and GFP11 are tethered and spontaneously associate with the GFP1–9
fragment to form a full-length GFP, which fluoresces green. (ii) If the bait and prey do not interact, GFP10
and GFP11 are not tethered and entropy is too high to allow complementation with GFP1–9; therefore,
no green fluorescence is detected. (B) The NSP5-VP2 direct binding plot shows the normalized number
of green fluorescent cells for the indicated bait-prey pairs. The samples showing a single partner were
expressed together with GFP10 or GFP11. (C) Competition assay plot for NSP5 binding between wt VP2
and VP2 L124A. In panels B and C, data show means � standard errors of the means (SEM) from six
independent experiments. By two-tailed, nonparametric Mann-Whitney test, P � 0.001 (***) and P � 0.05
(*) compared to NSP5-VP2 green fluorescence.
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(45); therefore, no green fluorescence is detected by flow cytometry. As expected,
neither GFP10-NSP5 nor GFP11-VP2 produced green fluorescence when expressed
together with GFP11 or GFP10, respectively (Fig. 6B and data not shown). In contrast,
coexpression of GFP10-NSP5 with GFP11-VP2 produced green fluorescent cells showing
a direct interaction between wt NSP5 and wt VP2. Consistent with the data shown in
Fig. 5A, coexpression of GFP10-NSP5 with either GFP11-VP2 L124A or GFP11-VP2 I878A
did not generate green fluorescent cells, thereby confirming their incapacity to interact.
In contrast, GFP10-NSP5, together with GFP11-VP2 V865A, as well as GFP10-(T)NSP5
together with GFP11-VP2, produced green fluorescent cells. These data confirmed that
the NSP5 tail is necessary for the interaction with VP2. We next investigated whether
VP2 L124A would bind to the wt VP2 and, thus, perturb its interaction with NSP5. To
address this question (Fig. 6C), we expressed the protein-protein interaction (PPI)
partners GFP10-NSP5 and GFP11-VP2 together with an increasing amount of GFP11-
VP2 L124A. As anticipated, the PPI partner NSP5-VP2 yielded a large number of green
fluorescent cells that were reduced upon the addition of VP2 L124A in a dose-
dependent manner, suggesting a reduction in the binding between NSP5 and wt VP2.

VP2 L124A hinders the formation of VLS(NSP5�HA-VP2) and VLS(NSP5�NSP2).
Since VP2 L124A impedes the direct binding of NSP5 and VP2 (Fig. 6), we hypothesized
that increased amounts of VP2 L124A would disrupt VLS(NSP5�HA-VP2). To investigate
this possibility, we coexpressed NSP5 and HA-VP2 to permit the formation of
VLS(NSP5�HA-VP2). As shown in Fig. 1B (and data not shown), VLS(NSP5�HA-VP2) can
be readily detected as yellow fluorescent cytosolic inclusions upon staining with
anti-NSP5 (red) and anti-HA (green) antibodies. With increasing amounts of wt VP2, the
color of the VLS shifted to red (Fig. 7A), reflecting competition between wt VP2 and
HA-VP2. With increasing amounts of VP2 L124A, the cytosolic inclusions became
disrupted (Fig. 7B). Using the same approach, we then tested whether overexpression
of VP2 L124A hinders VLS(NSP5�NSP2) formation. Coexpression of NSP5 and NSP2
resulted in the formation of VLS(NSP5�NSP2), readily detected as yellow fluorescent
cytosolic inclusions upon staining with anti-NSP5 (red) and anti-NSP2 (green) antibod-
ies; VP2 (anti-VP2, green) was not detected (Fig. 7C, upper). Upon coexpression of NSP5,
NSP2, and wt VP2, all three proteins colocalized in the cytosolic VLS (Fig. 8C, middle).
However, when coexpressing NSP5, NSP2, and VP2 L124A, unstructured VLSs were
detected (Fig. 7C, lower). In support of this result (data not shown), a drastic reduction
(P � 0.001) in the number of cells showing VLS(NSP5�NSP2) is observed in coexpres-
sion with VP2 L124A (12.8%) compared to that of wt VP2 (38.3%). Additionally, 100% of
VLS(NSP5�NSP2) formed with wt VP2 showed a globular morphology that is in
contrast to the reduced number (36%) of globular structures observed among
VLS(NSP5�NSP2) elements formed with VP2 L124A (data not shown). Accordingly, VP2
L124A expression blocked the formation of both VLS(NSP5�VP2) and VLS(NSP5�NSP2).

VP2 L124A expression affects viroplasm morphology. As VLS are a simplified
model to study viroplasms, we interrogated whether overexpression of VP2 L124A
could also compromise viroplasm formation. For this purpose, we overexpressed either
wt VP2 or VP2 L124A in BSR-T7 cells (Fig. 8A), followed by RV infection, and quantified
cells showing viroplasms under these two conditions. As shown in Fig. 8B, the number
of cells with viroplasms was significantly reduced upon coexpression of VP2 L124A
compared to that of cells expressing wt VP2. Interestingly, most viroplasms in cells
expressing VP2 L124A presented an atypical filamentous (Fig. 8Ci and ii) or diffuse and
juxtanuclear polarized (Fig. 8Ciii and iv) morphology. In contrast, viroplasms formed in
the presence of wt VP2 cells showed a characteristic globular morphology (Fig. 8Cv and
vi). Since viroplasms are composed of several host and viral proteins, as well as ssRNAs
and dsRNAs, we investigated if the localization of the viral proteins diverges in
viroplasms of cells expressing VP2 L124A. For this purpose, RV-infected BSR-T7 cells
expressing wt VP2 or VP2 L124A were stained with specific antibodies detecting
viroplasm proteins, such as NSP5, VP2, VP6, and NSP3 (Fig. 8D and data not shown). As
expected (Fig. 8D, left, and data not shown), the viroplasms formed in the presence of
wt VP2 expression exhibit delineated globular structures when detected for the tested
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proteins. However, in the cells expressing VP2 L124A, the viral protein components of
viroplasms, including NSP2 and VP6, showed a diffuse pattern (Fig. 8D, right, and data
not shown). For NSP3 and the capsid proteins (VP6, VP7, and VP4, detected by anti-RV
antibody), even amyloid-like structures were observed that surrounded aberrant viro-
plasm structures. Collectively, our data indicate that viroplasm morphology is sensitive
to VP2 L124A expression.

VP2 L124A expression precludes transcription and replication. Since VP2 L124A
expression disrupts viroplasm morphology, we inspected if other functions of viro-

FIG 7 VP2 L124A disrupts VLS formation. For immunofluorescence of VLS formation, MA104 cells expressed NSP5 with
HA-VP2 plus increasing amounts (0.25, 0.5, and 1 �g) of either wt VP2 (A) or VP2 L124A (B). At 16 hpt, cells were fixed and
immunostained for VLS by detecting NSP5 (anti-NSP5, red) and HA-VP2 (anti-HA, green). Nuclei were stained with DAPI
(blue). White arrowheads denote impaired VLS. Scale bar is 10 �m. (C) Immunofluorescence of VLS(NSP5�NSP2) alone
(upper), with wt VP2 (middle), or with VP2 L124A (lower). At 16 hpt, MA104 cells were fixed and immunostained for the
VLS with anti-NSP5 (red) and anti-NSP2 or anti-VP2 (green). Nuclei were stained with DAPI (blue). A merged image is shown
at the right of each panel. The white arrowheads point to misshaped VLS. Scale bar is 10 �m.
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FIG 8 Viroplasms are damaged by VP2 L124A expression. (A) Immunoblotting of lysates from BSR-T7 cells expressing wt
VP2 (lane 2) and VP2 L124A (lane 3) at 48 hpt. OSU virus particles were used as a positive control (lane 1). (B) Plot of the
percentage of cells showing viroplasms when expressing either wt VP2 or VP2 L124A. A cell was considered viroplasm
positive when anti-NSP5 cytosolic inclusions were detected. Data are represented as means � SD from three independent
experiments. ***, P � 0.001 by two-tailed unpaired Student’s t test, n � 1,500 cells per experimental point. (C) Represen-
tative immunofluorescence images comparing viroplasm morphologies (5 hpi) (anti-NSP5, green) of cells expressing VP2
L124A (upper, frames i, ii, iii, and iv) or wt VP2 (lower, frames v and vi). Nuclei were stained with DAPI (blue). Scale bar is
10 �m. (D) Confocal immunofluorescence of RV proteins of cells expressing wt VP2 (left) or VP2 L124A (right). At 24 hpt,
BSR-T7 cells were RV infected (MOI, 75 VFU/cell). At 5 hpi, cells were fixed and immunostained for the detection of NSP5
(anti-NSP5, green or red), VP2 (anti-VP2, green), NSP2 (anti-NSP2, green), VP6 (anti-VP6, red), NSP3 (anti-NSP3, red), and
VP6, VP7, and VP4 (anti-RV, green). Nuclei were stained with DAPI (blue). Scale bar is 5 �m.
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plasms, such as viral transcription and replication, are also inhibited. The synthesis of RV
plus-strand ssRNA, as a template for dsRNA generation, is uniquely dependent on
RdRp-VP1 (46). We assessed RV transcription by treating RV-infected BSR-T7 cells
expressing wt VP2 or VP2 L124A at 4 h postinfection (hpi) with actinomycin D for
30 min (Fig. 9A). Of note, actinomycin D has been shown not to interfere with the RdRp
activity of VP1 (47). The cells then were fed with 5-bromouridine 5=-triphosphate
sodium salt (BrUTP) for 1 h, and the incorporation signal was monitored by immuno-

FIG 9 VP2 L124A expression decreases viral transcription and replication of viroplasms. (A) At 24 hpt, for expression of wt VP2 (upper row)
and VP2 L124A (lower row), BSR-T7 cells were RV infected (MOI, 75 VFU/cell). At 4 hpi, cells were treated with 10 �M actinomycin D for
30 min and then transfected for 1 h with 1 mM BrUTP (�BrUTP) or not (�BrUTP) before fixation. Cells were immunostained for BrUTP
incorporation (anti-BrdU, green) and viroplasm detection (anti-NSP5, red). Nuclei were stained with DAPI (blue). Scale bar is 5 �m. (B)
Confocal immunofluorescence of BSR-T7 cells alone, expressing wt VP2 or VP2 L124A, followed at 24 hpt by RV infection (MOI, 150
VFU/cell). At 5 hpi, cells were fixed and immunostained for detection of dsRNA (anti-dsRNA, red) and viroplasms (anti-NSP5, green). Nuclei
were stained with DAPI (blue). N.T., nontransfected cells; a.u., arbitrary units. Scale bar is 5 �m. (C) Intensity profile plot of dsRNA (red line)
and viroplasms (green line) of the indicated linear region of interest of cells from panel B.
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fluorescence using a fluorescence-labeled anti-bromodeoxyuridine (BrdU) antibody.
The viroplasms were stained with an anti-NSP5 antibody. Cells not treated with BrUTP
were used as a control. As expected (46), cells expressing wt VP2 incorporated BrUTP
in viroplasms (Fig. 9A, upper row), indicating RV viral transcription, while cells express-
ing VP2 L124A did not (Fig. 9A, lower row). To confirm our result, we stained RV-
infected cells expressing wt VP2 or VP2 L124A with an anti-dsRNA antibody (clone J2)
that can recognize dsRNA with a size larger than 40 bp (48). In noninfected cells (Fig.
9B, �RV), punctuated anti-dsRNA signal was found distributed in the whole cytoplasm.
Upon RV infection (Fig. 9B, �RV), most of the dsRNA signal localized to viroplasms in
both nontransfected and wt VP2-expressing cells. These results are also confirmed by
intensity profiles among the signals of both viroplasms and dsRNA (Fig. 9C). Such a
pattern, however, is not repeated in VP2 L124A-expressing cells, where no or mild
localization of anti-dsRNA signal in viroplasm and no coincidence of these signals in the
intensity profile plot was observed (Fig. 9C). Thus, our results suggest that RV RNA
synthesis is at least inefficient in VP2 L124A cells.

DISCUSSION

In RV viroplasms several processes take place, including viral transcription, packag-
ing of the viral pregenomic RNA into newly synthesized viral cores, and RNA replication,
followed by the addition of the second layer of proteins. None of these processes have
been directly demonstrated as a whole in the viroplasms, and all the current evidence
is based on in vitro data, providing models such as the packaging of the virus genome
(49). The fact that rotavirus encodes only a small number of proteins, eleven or twelve
(NSP6 is present only in certain RV strains [50–53]), supports the hypothesis that at least
some viral proteins have multifunctional roles in the replication cycle. A clear example
is VP2, which is well characterized as the RV core shell encapsidating the viral genome
(2, 32, 33, 54, 55), acting as a cofactor of RdRp VP1 (28, 30, 39) and anchoring VP6 to
form DLPs (34, 55). Aside from its structural functions, VP2 has other roles during the
RV life cycle, such as permitting perinuclear motion of viroplasms (10) or being
associated with the RV-induced cell cycle arrest (56). Another exciting aspect is its role
as the main building block for viroplasm formation. In this sense, the coexpression of
NSP5 with either NSP2 or VP2 forms VLS, denoting the role of VP2 in viroplasm
formation (7, 10, 41). In the present study, we fully characterized the interaction
between NSP5 and VP2 proteins and the importance of this interaction for VLS
formation. In this context, we identified three amino acids in VP2 of simian RV strains
SA11, L124, V865, and I878 that are highly conserved among cognate proteins of all RV
species present in the NCBI data bank. As observed in the calculated three-dimensional
model for VP2-SA11, V865 and I878 (data not shown) are positioned behind the
beta-strand �25 at the VP2 dimerization region (2, 57). Accordingly, these hydrophobic
residues, when modified to alanine, can directly abrogate VP2 dimerization and VLS
formation, indicating that VP2 dimerization is a requirement for VLS formation in
concomitant association with NSP5. A particular example corresponds to VP2 point
mutations V865A and I878, which associate with NSP5, as demonstrated by binding
assays, but support neither VLS formation nor NSP5 hyperphosphorylation. Moreover,
VP2 L124A impairs VLS formation and NSP5 hyperphosphorylation in NSP5 from RV
strain OSU or SA11. This outcome was not surprising, since both strains have 95%
identity to each other (Fig. 3C), where the NSP5 tails (region 180 –198) and the CKI
noncanonical phosphorylation site for S67D are identically conserved.

Interestingly, the residue L124 faces toward the VP2 inner central domains (data not
shown), and its modification to alanine affects VLS formation, the direct association
with NSP5, and the NSP5 phosphorylation state. This suggests that the VP2-NSP5
interaction interface impedes core assembly to favor viroplasm formation and allow the
packaging of genome segments. We show that NSP5 can associate with VP2 through
its tail region (residues 180 to 198). This finding is not surprising, since the role of the
NSP5 tail has previously been described to play a role in association with other viral
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proteins, including NSP2 (9, 35), NSP6 (12), and VP1 (23), and even as a self-
oligomerization domain (12, 44).

Collectively, our data show that NSP5-VP2 interaction and VLS formation are imme-
diate prior steps to the NSP5 hyperphosphorylation. In support of this viewpoint, we
provide data showing that (i) a hyperphosphorylated NSP5 (NSP5 S67D) is not sufficient
to form VLS with VP2 L124A, (ii) NSP5 S67D does not bind VP2 L124A, (iii) VP2 L124A
does not hyperphosphorylate wt NSP5, and (iv) NSP5 S67A forms VLS with wt VP2 (7).
Our conclusion then provides additional insights into the molecular mechanism pre-
viously proposed (44, 58) for the formation of viroplasms and subsequent NSP5
hyperphosphorylation. This mechanistic interpretation is consistent with previous ob-
servations that viroplasm formation requires a phosphorylation cascade triggered by
NSP2, which depends on CK1-alpha (43, 44, 59). It also is consistent with the fact that
NSP5 phosphorylation on S67 by CK1-alpha is a step after the interaction with VP2 (7
and this study) and NSP2 (19, 44, 58). The phosphorylation of other serines and
threonines of NSP5 by host cell kinases (8, 43, 60) will follow, in agreement with a
model previously described (44, 58). Our data also suggest that the NSP5-VP2 interac-
tion relies on conserved L124 of VP2.

As described above, NSP2 and VP2 can both trigger NSP5 hyperphosphorylation. We
also provide evidence that VP2-NSP5 interaction, similar to NSP2-NSP5 interaction,
provides a scaffold for viroplasm formation. Impairment of the NSP5-VP2 interaction by
VP2 L124A, for example, abolishes the formation of VLS and viroplasms. This observa-
tion is consistent with the previous model for viroplasm formation (44, 58, 59), whereas
NSP5 hyperphosphorylation is an initial step followed by the cytosolic inclusion for-
mation in association with both NSP2 (58) and VP2 (this study).

A dominant-negative designation refers to a mutation in a protein that adversely
affects the wild-type phenotype, for example, by disrupting a functional domain but
retaining its dimerization property. Therefore, the dominant-negative protein can
dimerize with the wild-type protein within the same cell, decreasing the activity of the
wild-type protein (61). We provide strong evidence that VP2 L124 works as a dominant-
negative protein for the formation of both VLS and viroplasms. In this sense, we have
shown that (i) VP2 L124 disrupts both VLS(NSP5�VP2) and VLS(NSP5�NSP2), (ii)
NSP5-VP2 interaction, in the split tripartite EGFP assay, is reduced in a dose-dependent
manner with VP2 L124, and (iii) NSP5 and VP2 L124A neither form VLS nor bind to each
other. Thus, we conclude that VP2 L124A necessarily dimerizes with wt VP2, displacing
NSP5-wt VP2 interaction. It is well described that NSP2 binds VP2 at several amino acid
regions (residues 34 to 86, 514 to 518, 664 to 674, and 836 to 845) (35). Hence, VP2
L124A also is dominant negative over NSP2, because VP2 L124A preserves NSP2
binding sites but did not allow VLS formation. Moreover, the NSP2-VP2 interaction
seems stronger than the NSP5-VP2 interaction. We provide evidence for the idea that
VP2 L124A can disrupt viroplasms by showing that the expression of VP2 L124A
interferes with RV replication by damaging viroplasms. Specifically, viroplasms upon
VP2 L124A expression form aberrant inclusions and delocalize viroplasmic viral proteins
in diffuse cytosolic patterns or amyloid-like structures. Moreover, these aberrant viro-
plasms are decreased in viral transcription (plus-strand ssRNA synthesis) and dsRNA
synthesis. Hence, VP2 L124A works as a bona fide dominant-negative factor for the
assembly and formation of viroplasms. Accordingly, a point mutation on VP2 L124 to
alanine on RV, and possible rescue by a reverse genetic technique (62), would
undoubtedly provide new insights into the regulation of the RV life cycle. However,
several attempts to rescue a recombinant RV harboring VP2 L124A were performed
without success, in contrast to the case of the control recombinant RV that retains
wt VP2 (data not shown), reinforcing the relevance of this motif in the RV replication
cycle.

We believe this study could lay the foundations for the designing of inhibitors that
specifically bind at the interaction site between NSP5 and VP2.
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MATERIALS AND METHODS
Cells and viruses. MA104 cells (embryonic rhesus monkey kidney; ATCC CRL-2378) and HEK293T

cells (human embryonic kidney; ATCC CRL-573) were cultured in complete Dulbecco’s modified Eagle’s
medium (cDMEM; Gibco BRL) supplemented with 10% fetal calf serum (FCS) (AMIMED; BioConcept,
Switzerland) and penicillin (100 U/ml)–streptomycin (100 �g/ml) (Gibco, Life Technologies). BSR-T7 cells
(baby hamster kidney; CVCL-RW96), which express T7 DNA-directed RNA polymerase, were cultured in
DMEM supplemented with 10% FCS, 1 mg/ml Geneticin (G418; Thermo Fisher Scientific), and penicillin
(100 U/ml)–streptomycin (100 �g/ml). The T7 RNA polymerase recombinant vaccinia virus (strain vvT7.3)
was amplified as previously described (63).

Rotavirus porcine OSU strain (G5;P [9]) was propagated in MA104 cells, as described previously (64,
65). Virus titer was determined as described previously by Eichwald et al. (10) and expressed as
viroplasm-forming units (VFU) per milliliter.

Antibodies. Guinea pig anti-NSP5, guinea pig anti-NSP2, guinea pig anti-VP2, and mouse scFV
anti-NSP5 clone 1F2 were described previously (8, 19, 23, 66). Guinea pig anti-VP6 was described
previously (10, 67). Mouse monoclonal anti-VP6 (clone 2F) was a gift from N. Mattion (CEVAN, Buenos
Aires, Argentina). Rabbit anti-NSP3 was kindly provided by Susana López (UNAM, Cuernavaca, Mexico).
Mouse monoclonal antibody (MAb) anti-VP2 (clone3E8) was kindly provided by Harry Greenberg
(Stanford University, CA, USA). Mouse MAb anti-HA (clone HA-7) and mouse monoclonal anti-
glyceraldehyde dehydrogenase (GAPDH) (clone GAPDH-71.1) were obtained from Sigma-Aldrich. Mouse
MAb anti-dsRNA (clone J2) was purchased from SCICONS J2, English & Scientific Consulting, Hungary.
Goat anti-mouse immunoglobulin G (IgG) (H�L) conjugated to Alexa 594 and goat anti-guinea pig IgG
conjugated to Alexa 488 were obtained from Molecular Probes, Invitrogen, USA. Goat polyclonal
anti-mouse IgG F(ab’)-peroxidase was purchased from Sigma-Aldrich. Rabbit polyclonal anti-guinea pig
IgG-peroxidase was purchased from Dako Cytomation, Denmark.

Plasmid construction. The plasmids pcDNA-NSP5 from porcine strain OSU (G5;P [9]), pcDNA-NSP5 from
simian strain SA11-4F (G3;P6 [1]), pcDNA-NSP2 from simian strain SA11-4F (G3;P6 [1]), and pcDNA-VP2 from
simian strain SA11-4F (G3;P6 [1]) were previously described (11, 19, 21, 23). The plasmids pCI-HA-VP2
full-length, pCI-HA-VP2ΔN81, pCI-HA-VP2ΔN103, pCI-HA-VP2ΔN135, pCI-HA-VP2ΔN159, pCI-HA-VP2ΔN181,
pCI-HA-VP2ΔN203, pCI-HA-VP2ΔN316, pCI-HA-VP2ΔN588, pCI-HA-VP2ΔN720, pCI-HA-VP2ΔC81, pCI-HA-
VP2ΔC203, pCI-HA-VP2ΔC316, pCI-HA-VP2ΔC588, pCI-HA-VP2ΔC721, pCI-HA-VP2ΔC755, pCI-HA-VP2ΔC840,
pCI-HA-VP2(82-203), pCI-HA-VP2(204-316), pCI-HA-VP2(317-588), and pCI-HA-VP2(589-720) were obtained by
PCR amplification of pcDNA-VP2 (23) using specific primers to insert flanking XhoI/HA-tag and EcoRI sites,
followed by ligation into those sites in pCI-Neo (Promega). Similarly, pCI-VP2ΔN81, pCI-VP2ΔN203, pCI-
VP2ΔN316, pCI-VP2ΔN588, pCI-VP2ΔN720, pCI-VP2ΔC81, pCI-VP2ΔC203, pCI-VP2ΔC316, pCI-VP2ΔC588, and
pCI-VP2ΔC720 were obtained by PCR amplification of pcDNA-VP2 using specific primers to insert XhoI and
EcoRI sites, followed by ligation into those sites in pCI-Neo.

The constructs pCI-H6-NSP5, pCI-H6-NSP5 S67D, pCI-H6-EGFP, pCI-H6-EGFP-T, and pCI-H6-EGFP-dom4
were obtained from PCR amplification of pcDNA-NSP5 (11), pcDNA-NSP5 S67D (44), pEGFP-N1 (Clon-
tech), p(1-EGFP-T) (9), and p(EGFP-4) (9) using specific primers to insert XhoI/hexahistidine tag and NotI
sites, following by ligation on those sites in pCI-Neo (Promega). The construct pcDNA-H6-Δ1Δ3 was
previously described (8). The constructs pCI-H6-NSP5ΔT and pCI-H6-Δ1Δ3ΔT were obtained by PCR
amplification of pcDNA-H6-NSP5 and pcDNA-H6-Δ1Δ3 using specific primers for the insertion of an XhoI
restriction site at the 5= end and the reverse oligonucleotide primer 5=-GATCGCGGCCGCTTAGAAGCAC
CTTTTCTTATATTT-3= for the deletion of NSP5 tail and insertion of Stop codon/NotI site at the 3= end. The
PCR fragment was ligated between XhoI/NotI sites in pCI-Neo (Promega). The plasmids pCI-mCherry and
pcDNA3.1tn(�)-GFP1-9OPT were previously described (45, 68). The construct p10L-NSP5 was obtained
by PCR amplification of pcDNA-NSP5 using specific primers to insert PacI and XhoI sites, followed by
ligation in-frame in pcDNA3.1tn(�)GFP10�long linker (45). The construct p10L-NSP5 (T) was obtained by
annealing of the oligonucleotides 5=-TAACATTGCACTAAGAATGAGGATGAAGCAAGTCGCAATGCAATTGA
TCGAAGATTTGTAAC-3= and 5=-TCGAGTTACAAATCTTCGATCAATTGCATTGCGACTTGCTTCATCCTCATTCTT
AGTGCAATGTTAAT-3=, followed by ligation into PacI and XhoI sites of pcDNA3.1tn(�)-GFP10�long linker
(45). The construct p11L-VP2 was obtained by PCR amplification of pcDNA-VP2 using specific primers to
insert PacI and EcoRI sites, following by ligation on those sites in pcDNA3.1tn(�)-linker�GFP11(45).

pCAG-D1R (Addgene plasmid number 89160) and pCAG-D12L (Addgene plasmid number 89161)
were a gift from Takeshi Kobayashi (62).

Version of constructs pCDNA-VP2, pCI-HA-VP2(ΔN103), and p11L-VP2, harboring the VP2 point
mutations I106A, D112A, L124A, R125A, I127A, M843A, F850A, L856A, V860A, F865A, F873A, F878A,
V865A, and I878A, were built by insertion of point mutations using the QuikChange site-directed
mutagenesis kit and protocol (Agilent). All of the oligonucleotides were obtained from Microsynth AG,
Switzerland, and are available upon request.

Immunofluorescence. For VLS detection, 1 � 105 MA104 cells per well were seeded in 24-well
multiwell plates over a coverslip. Cells infected with vvT7.3 (3 PFU/cell) were transfected for 15 h
posttransfection (hpt) in an empirically determined ratio of 2:1 for NSP5 and VP2, using Lipofectamine
2000 (Thermo Fisher Scientific) according to the manufacturer’s instructions. For viroplasm detection,
transfected BSR-T7 cells were infected for 5 h at a multiplicity of infection (MOI) of 75 VFU/cell. At the
indicated time postinfection, cells were fixed in 2% paraformaldehyde in phosphate-buffered saline (PBS)
for 10 min at room temperature and processed as described by Eichwald et al. (10). When indicated,
images were acquired using a fluorescence microscope (DMI6000B; Leica) or a confocal laser scanning
microscope (CLSM) (DM550Q; Leica). Data were analyzed with the Leica Application Suite (Mannheim,
Germany) and Image J (version 2.0.0-RC-69/1.52i; https://imagej.nih.gov/ij/). Images were prepared for
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publication using PowerPoint (Microsoft) and Adobe Photoshop software. The intensity profile plots were
obtained using Image J, ROI manager, multiplot algorithm.

Pulldown assay. MA104 cells were infected with vvT7.3 (MOI, 3 PFU/cell), followed by transfection
at a ratio of 1:1 for two DNA plasmids using Lipofectamine 2000 (Thermo Fisher Scientific) according to
the manufacturer’s instructions. At 16 hpt, cells were processed as described previously (69).

Hyperphosphorylation assay. The hyperphosphorylation assay was performed as described by
Eichwald et al. (44). Briefly, 2 � 105 cells in 12-well multiwell plates were infected with T7 RNA polymerase
recombinant vaccinia virus (vvT7.3) (63) (MOI, 3 PFU/cell), followed by transfection with 2 �g of total
plasmid DNA (1 �g of the substrate and 1 �g activator) and 3 �l Lipofectamine 2000 transfection reagent
(ThermoFisher Scientific). At 16 hpt, cells were lysed in 30 �l of TNN lysis buffer (100 mM Tris-HCl, pH 8.0,
250 mM NaCl, 0.5% Nonidet P-40, and cOmplete protease inhibitor cocktail [Roche, Switzerland]) for
10 min at 4°C. Samples were harvested and centrifuged at 17,000 � g for 7 min at 4°C. The supernatant
was analyzed by immunoblotting as described previously (10).

Lambda-phosphatase assay. Cellular extracts were treated with lambda phosphatase, as described
by Eichwald et al. (44). For analysis, samples were loaded in SDS-polyacrylamide and analyzed by
immunoblotting for the detection of NSP5 (10).

Protein-protein interaction tripartite split-GFP assay. The split-GFP assay was performed as
previously described by Cabantous et al. (45). Briefly, 5 � 104 per well of HEK293T cells were seeded in
48-well multiwell plates. Cells were cotransfected by mixing 20 ng pCI-mCherry, 60 ng pcDNA3.1tn(�)
GFP1-9 OPT, 60 ng p10L-NSP5, and 60 ng p11L-VP2 using with 1 �l Lipofectamine 2000 (Thermo Fisher
Scientific) in 40 �l Opti-MEM (Thermo Fisher Scientific), followed by 20 min of incubation at room
temperature. The transfection mixture was added to the cells held under 160 �l of DMEM supplemented
with 10% FCS. At 24 hpt, cells were released with trypsin-EDTA, harvested in cDMEM, and centrifuged at
low speed for 2 min. Cellular pellets were resuspended in FC buffer (5 mM EDTA, pH 8.0, 2% FCS in PBS),
filtered in cell-strained snap-cap tubes (BD Falcon), and immediately acquired in a Gallios flow cytometer
(Beckman Coulter, Inc.). In total, 10,000 events were acquired and excited with 488-nm and 561-nm
lasers, followed by recording with default filters of 525/50 nm (GFP, green) and 620/30 nm (mCherry, red),
respectively. Data were analyzed by normalizing the number of green cells to 10,000 events on the
positive red population using Kaluza flow analysis software. The statistical analysis and plot were
performed using Microsoft Excel for MAC 2011, version 14.7.3, and Prism 8 (GraphPad Software, Inc.).

Dominant-negative assay for viroplasm formation. BSR-T7 cells (2 � 105) seeded in 24-well plates
over coverslip were transfected with 1 �g pcDNA-VP2 or pcDNA-VP2 L124A, 0.1 �g pCAG-D1R, and
0.1 �g pCAG-D12L using Lipofectamine 2000 according to the manufacturer’s instructions. At 24 hpt,
cells were infected with porcine rotavirus strain OSU at the indicated MOI. The virus was adsorbed for 1
h at 4°C, followed by incubation at 37°C. At 5 hpi, cells were fixed with 2% paraformaldehyde in PBS for
10 min at room temperature and processed for immunofluorescence as described by Eichwald et al. (10).
The number of cells containing viroplasms and the total number of cells per field was counted for at least
40 fields using a fluorescence microscope. The percentage of viroplasms, plot, and statistical analysis
were performed with Microsoft Excel 2011 for MAC, version 14.7.3, and Prism 8 (GraphPad Software, Inc.).

Detection of RNA synthesis in viroplasm. BSR-T7 cells (2 � 105), seeded over coverslips in 24-well
plates, were transfected for expression of wt VP2 and VP2 L124A, as described above. At 24 hpt, cells
were infected with porcine RV strain OSU at an MOI of 75 VFU/cell. The virus was adsorbed for 1 h at 4°C,
followed by incubation at 37°C. BrUTP (5-bromouridine 5=-triphosphate sodium salt; Sigma-Aldrich)
incorporation was performed as described previously by Silvestri et al. (46), with some modifications.
Briefly, cells were pretreated for 30 min with 10 �M actinomycin D (GeneTex) in 500 �l serum-free
medium starting at 4 hpi. At 4.5 hpi, cells were transfected with a mixture containing 1 mM BrUTP, 10 �M
actinomycin D, and 20 �l of Lipofectamine 2000 transfection reagent (ThermoFisher Scientific) in 500 �l
Opti-MEM reduced serum medium (ThermoFisher Scientific) and incubated for 1 h at 37°C and 5% CO2.
The cells were immediately fixed in 2% paraformaldehyde in PBS for 10 min at room temperature and
processed for immunofluorescence by staining with Alexa Fluor 488 anti-BrdU clone 3D4 (diluted 1:50;
BioLegend) and guinea pig anti-NSP5 (1:200), followed by a secondary antibody conjugated to rhoda-
mine isothiocyanate (RITC). Images were subsequently acquired with a CLSM (DM550Q; Leica) and
images analyzed using Imaris File Converter 9.0.0 and Image J (version 2.0.0-RC-69/1.52P; http://imagej
.net/Contributors). Images were prepared for publication using PowerPoint (Microsoft) and Adobe
Photoshop software.

Sequence alignments. To identify highly conserved amino acids among cogent proteins of all RV
species, an alignment for two VP2 (simian strain SA11) regions (amino acids 103 to 135 and 840 to 880)
of all VP2 available in the protein depository of the NCBI was performed using multiple-sequence
alignment with Clustal W (70) combined with MAFFT software (71). The obtained alignments were further
processed using Jalview software (72). The following selected sequences from rotavirus species (A to H)
are represented in the alignments (species, strain, host, and GenBank version accession number listed for
each): RVA_K9 (canine) (EU708924), RVA_SA11_lab (simian [si]) (MK184911), RVA_SA11-H96 (si)
(NC_011506), RVA_Vanderbilt_VU08-09-24 (human [hu]) (JF491072), RVA_Vanderbilt_VU08-09-25 (hu)
(JF491082), RVA_Vanderbilt_VU05-06-15 (hu) (JF490598), RVA_Vanderbilt_VU06-07-29 (hu) (JF490852),
RVA_Wa (hu) (X14942), RVA_PO-13 (avian [av]) (AB009630), RVA_EB (murine) (HQ540508), RVA_
02V0002G3 (av) (FJ169854), RVA_Cowden (porcine [po]) (M74217), RVA_OSU (po) (ADE44253), RVB_WH-1
(hu) (AY539859), RVB_ADRV (hu) (M91433), RVB_Bang373 (hu) (NC_021545), RVB_IDIRg2 (rabbit)
(U00673), RVB_RUBV226 (bovine) (GQ358717), RVC_Bristol (hu) (NC_007546), RVD_05V0049/DEU/2003
(av) (YP_003896047), RVF_03V0568/DEU/2003 (av) (NC_021626), RVG_HK18 (av) (KC876011),
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RVG_03V0567/DEU/2003 (av) (NC_021580), RVH_MRC_DPRU1575 (po) (KT962028), and RVH_J19 (hu)
(DQ113898).
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