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Virally induced structures called viral factories form throughout the cytoplasm of cells infected with
mammalian orthoreoviruses (MRV). When expressed alone in cells, MRV nonstructural protein �NS forms
factory-like structures very similar in appearance to viral factories, suggesting that it is involved in forming the
structural matrix of these structures. �NS also associates with MRV core particles; the core proteins �2, �1,
�2, �3, and �2; and the RNA-binding nonstructural protein �NS. These multiple associations result in the
recruitment or retention of these viral proteins or particles at factory-like structures. In this study, we
identified the regions of �NS necessary and sufficient for these associations and additionally examined the
localization of viral RNA synthesis in infected cells. We found that short regions within the amino-terminal 220
residues of �NS are necessary for associations with core particles and necessary and sufficient for associations with
the proteins �2, �1, �2, �2, and �NS. We also found that only the �3 protein associates with the carboxyl-terminal
one-third of �NS and that viral RNA is synthesized within viral factories. These results suggest that �NS may act
as a cytoplasmic scaffolding protein involved in localizing and coordinating viral replication or assembly interme-
diates for the efficient production of progeny core particles during MRV infection.

Mammalian orthoreoviruses (MRV) are members of the
family Reoviridae, which includes important human, animal,
and plant pathogens (e.g., rotavirus, bluetongue virus, and rice
dwarf virus). All members of the family Reoviridae share a
number of characteristics including a similar genome com-
prised of 9 to 12 segments of double-stranded RNA (dsRNA).
These segments are enclosed within a multilayered protein
capsid, including one or more inner layers that contact the
genome and play roles in viral RNA synthesis and one or more
outer layers that mediate virus attachment and entry into the
host cell (17, 37, 41). During the entry process, the outer
capsid(s) is largely removed from these viruses, and the inner
capsid(s) is released into the cytoplasm. Upon release, the
genome-enclosing inner capsid(s) serves as the viral transcrip-
tase particle, synthesizing and capping viral plus-strand RNAs,
which are then released into the cytoplasm for translation into
viral proteins (17, 37, 41).

At early times after entry, distinctive structures, which grow

in size over time, appear throughout the cytoplasm of infected
cells. These cytoplasmic structures are variously termed viral
factories (VF) (MRV), viroplasms (rotavirus and phytoreovi-
rus), or viral inclusion bodies (VIB) (orbivirus). In each case,
they contain many viral proteins, particles, and dsRNAs and
are thought to be the locations of viral RNA replication and
packaging into progeny particles (13, 15, 31, 42, 43, 46).

In previous studies, either one or two nonstructural proteins
of each virus were shown to be required for forming the cyto-
plasmic structures. In MRV and avian orthoreoviruses, the
nonstructural protein �NS expressed alone in cells forms fac-
tory-like structures (FLS) that appear to be similar by light
microscopy to VF formed in infected cells (4, 8, 49). Likewise,
orbiviruses such as bluetongue virus and epizootic hemor-
rhagic disease virus encode a single nonstructural protein,
NS2, that forms VIB-like structures when expressed alone in
cells (25, 47, 48). In phytoreoviruses such as rice dwarf virus,
the nonstructural protein Pns12 expressed alone in cells forms
viroplasm-like structures (VLS) (51). Rotaviruses, on the other
hand, encode two nonstructural proteins, NSP2 and NSP5,
which must be coexpressed under most circumstances to form
VLS (16, 18, 34).

In MRV, the �NS sequences required for forming FLS have
been carefully examined. The carboxyl-terminal (C-terminal)
250 amino acids (aa) of �NS are sufficient to form FLS, with
four distinct regions within this portion of the protein shown to
be necessary (5). These regions include two previously pre-
dicted coiled-coil domains (30), a linker region containing a
putative zinc hook between the coiled coils, and a short C-
terminal tail region.

Importantly, the capacity of MRV to form VF is necessary
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for viral replication. When �NS expression is knocked down by
RNA interference, viral growth is severely inhibited (1, 27).
Moreover, when wild-type �NS is plasmid expressed in trans,
viral growth is rescued (1, 27). Plasmid-expressed �NS with
mutations in the putative zinc hook or the C-terminal tail, in
contrast, does not rescue viral growth (1, 28). These results
strongly suggest that the formation of VF is an important and
necessary function for successful MRV multiplication.

Previous studies have shown that �NS associates with six
other MRV proteins: five structural proteins that make up the
core particle (�1, �2, �3, �2, and �2) and the single-stranded
RNA (ssRNA) binding nonstructural protein �NS (4, 6, 8, 32,
33). Limited mapping of �NS associations with other viral
proteins has shown that �NS aa 14 to 41 are necessary and that
aa 1 to 41 are sufficient for the association with the minor core
protein �2 (8). In addition, �NS aa 1 to 13 are necessary for
the association with the nonstructural protein �NS (33), and aa
1 to 41 are dispensable for the association with the core surface
proteins �1, �2, and �2 (6). �NS additionally associates with
MRV core particles in vitro and in cells (6, 7).

In light of these data, we have hypothesized that in addition
to its role in forming the structural matrix of VF, a second role
for �NS in MRV infection is to act as a type of cytoplasmic
scaffolding protein for the coordinated recruitment and assem-
bly of MRV replication complexes within VF. Based on our
previously reported data, we have developed a model of MRV
VF assembly. In this model, following entry and release into
the cytoplasm, the MRV core particle begins transcribing the
viral plus-strand RNAs. MRV proteins, including �NS, are
synthesized by the cellular translational machinery, either co-
transcriptionally or adjacent to the site of core RNA transcrip-
tion. Following translation, �NS may associate with the adja-
cent core particle to seed a new VF, or �NS may self-associate
first to form a small VF, which then further associates with the
adjacent MRV core. Proteins required for the assembly of
progeny core particles (�1, �2, �3, �2, and �2), as well as �NS,
also associate with �NS either by direct association with �NS
in the VF matrix or in the cytoplasm with subsequent recruit-
ment to VF by �NS. The VF-localized core particle continues
to transcribe the MRV plus-strand RNAs, some of which are
now bound by adjacent viral proteins to form replication and
assembly complexes for the production of progeny core parti-
cles and virions within the VF. The VF is additionally tethered
to the cellular cytoskeleton via �NS associations with a micro-
tubule-associated viral protein, �2. This association allows VF
to move toward the perinuclear region of the cell, merging with
other VF during the journey, ultimately forming the large
perinuclear VF that are characteristic of MRV-infected cells.

We previously developed an assay that exploits the charac-
teristic ability of �NS, as well as the rotavirus protein NSP5
fused at its amino terminus (N terminus) to enhanced green
fluorescent protein (EGFP) (34), to form distinctive structures
in the cytoplasm in order to identify and map protein-protein
interactions (32). In the current study, we modified and made
extensive use of this novel assay to explore further the associ-
ations between �NS and other MRV proteins. In new exper-
iments, we first defined the region of �NS that is necessary for
associations with individual MRV proteins, as well as the MRV
core particle, by determining the ability of these proteins to be
recruited to FLS formed by a series of �NS deletion mutants.

We then constructed a number of plasmids expressing �NS
fragments fused to EGFP/NSP5 as a method to map regions of
�NS sufficient for associations with each MRV protein. In
sum, we found that small, largely nonoverlapping regions of
�NS are necessary and sufficient for the association with indi-
vidual MRV proteins and necessary for the association with
core particles. Because the MRV core particle transcribes viral
plus-strand RNAs (22), we additionally examined the localiza-
tion of viral RNA synthesis and found that it too occurs in VF.
These results advance our understanding of how a viral non-
structural protein, MRV �NS, has evolved to build discrete
regions of cytoplasmic scaffolding within which critical viral
activities occur.

MATERIALS AND METHODS

Cells, viruses, antibodies, and other reagents. CV-1 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) containing 10%
fetal bovine serum (HyClone) and 10 �g/ml gentamicin (Invitrogen). MRV
strain type 1 Lang was our laboratory stock, originally obtained from B. N. Fields.
MRV strain type 3 Dearing was obtained from the laboratory of L. W. Cash-
dollar (Medical College of Wisconsin). Virus was propagated on L929 cells and
plaque purified as previously described (19). Top-component infectious sub-
virion particles (ISVPs) were made by chymotrypsin digestion (200 �g/ml;
Sigma) of purified top-component virions (1 � 1013 particles/ml) for 10 min at
32°C. The reaction was quenched by the addition of 2 mM phenylmethylsulfonyl
fluoride (Sigma). Rabbit polyclonal antiserum and purified polyclonal antibodies
specific for �NS, �2, and MRV core particles were described previously (7, 8, 11,
26). Monoclonal antibodies against �NS (3E10) and �2 (7F4) were also de-
scribed previously (3, 50). Monoclonal antibody HA.11, specific for the influenza
virus hemagglutinin (HA) epitope, was obtained from Covance Research Prod-
ucts. In the indicated experiments, protein A-purified rabbit anti-�NS immuno-
globulin G (IgG) was conjugated to Texas Red by using a kit obtained from
Molecular Probes. Monoclonal antibody against bromodeoxyuridine was pur-
chased from Sigma. The following secondary antibodies were used as appropri-
ate for different experiments: Alexa 488- or Alexa 594-conjugated goat anti-
mouse or anti-rabbit IgG (Molecular Probes) and horseradish peroxidase
(HRP)-conjugated donkey anti-mouse or anti-rabbit IgG (Pierce). For micros-
copy, antibodies were titrated to optimize signal-to-noise ratios. Bromouridine
(BrU) was purchased from Sigma. Actinomycin D was purchased from Sigma.
All restriction enzymes were obtained from New England Biolabs.

Plasmid constructions. pCI-�NS, pCI-�NS, pCI-�2, pCI-�1, pCI-�2, and pCI-
�2, expressing �NS, �NS, �2, �1, �2, and �2, respectively, were described
previously but originally named by their genes, pCI-M3, pCI-S3, pCI-M1, pCI-
L3, pCI-L2, and pCI-S2, respectively (6, 8, 33, 38). pCI-�NS(14-721), pCI-
�NS(41-721), pCI-�NS(173-721), pCI-�NS(221-721), and pCI-�NS(471-721)
were described previously but were originally named pCI-M3(14-721), pCI-
M3(41-721), pCI-M3(173-721), pCI-M3(221-721), and pCI-M3(471-721), respec-
tively (5, 8, 33). pCI-�3/HA expressing a C-terminally HA-tagged version of �3 was
described previously (32). pEGFP/�NS(471-721) was described previously but was
originally named pEGFP-C1-M3(471-721) (5). pEGFP/NSP5 was obtained from
Oscar Burrone and was described previously (16). To make �NS deletion plasmids
pCI-�NS(20-721), pCI-�NS(26-721), pCI-�NS(55-721), pCI-�NS(65-721), pCI-
�NS(75-721), pCI-�NS(85-721), and pCI-�NS(95-721), PCR was performed by
using pCI-�NS as a template. The PCR product was purified, digested with NheI
and BlpI or EcoRI and NotI, and ligated into appropriately digested pCI-�NS. To
make the �NS fragment fusion plasmids p-�NS(41-221)/EGFP/NSP5, p-�NS
(55-221)/EGFP/NSP5, p-�NS(173-221)/EGFP/NSP5, p-�NS(1-20)/EGFP/NSP5,
p-�NS(41-173)/EGFP/NSP5, p-�NS(55-173)/EGFP/NSP5, and p-�NS(41-110)/
EGFP/NSP5, PCR was performed by using pCI-�NS as a template. The PCR
product was purified, digested with AgeI, and ligated into AgeI-digested pEGFP/
NSP5. Orientation was determined by restriction digestion. p-�NS(1-227)/EGFP/
NSP5 was made in two steps. First, pGEM-M3 was digested with BsaHI to
liberate a fragment containing the coding region for �NS aa 1 to 227. This
fragment was gel purified, the overhanging ends were filled in with Klenow
fragment, and a HindIII digestion was performed on the resulting fragment,
which was then ligated into HindIII/SmaI-digested pEGFP-N1 to make
p-�NS(1-227)/EGFP. Second, p-�NS(1-227)/EGFP was digested with NdeI
and BsrGI and ligated into NdeI/BsrGI-digested EGFP/NSP5 to make
p-�NS(1-227)/EGFP/NSP5. To make p-�NS(95-221)/EGFP/NSP5, p-�NS(14-
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41)/EGFP/NSP5, p-�NS(20-41)/EGFP/NSP5, and p-�NS(95-173)/EGFP/NSP5,
PCR was performed by using pCI-�NS as a template. The PCR product was
purified, digested with NheI and AgeI, and ligated into NheI/AgeI-digested
p-�NS(1-227)/EGFP/NSP5. p-�NS(1-12)/EGFP/NSP5 was made by digesting
p-�NS(1-12)/EGFP/�NS(471-721) and EGFP/NSP5 with NdeI and BsrGI fol-
lowed by ligating the appropriate purified products. p-�NS(1-41)/EGFP/NSP5
was made by digesting p-�NS(1-41)/EGFP/�NS(471-721) and EGFP/NSP5 with
NdeI and BsrGI, followed by ligating the appropriate purified products. p-�NS/
EGFP was made by PCR using pCI-�NS as a template. The PCR product was
purified, digested with EcoRI and SacII, and ligated into EcoRI/SacII-digested
pEGFP-N1. p-�NS/EGFP/NSP5 was made by digesting p-�NS/EGFP and
pEGFP/NSP5 with NdeI and BsrGI, followed by ligating the appropriate purified
products. p-�3/EGFP/NSP5 was made by PCR using pCI-�3/HA as a template.
The PCR product was purified, digested with AgeI, and ligated into AgeI-
digested pEGFP/NSP5. Orientation was confirmed by restriction digestion. All
plasmid sequences were confirmed by sequencing. Primer sequences used in
PCRs are available upon request.

Transfections and infections. For transfections, a total of 4 �g plasmid DNA
was mixed with 10 �l Lipofectamine (Invitrogen) in Optimem (Invitrogen). After
a 20-min incubation, the mixture was added to cells containing DMEM with 10%
fetal calf serum (FCS) but lacking antibiotics and incubated for 18 h at 37°C as
suggested by the manufacturer. After incubation, cells were processed for im-
munostaining and microscopy. For other transfections, 8 �g plasmid DNA was
mixed with 20 �l Lipofectamine in Optimem. All other steps of the above-
described protocol were then followed except that cells were processed for
immunoprecipitation and immunoblotting.

For immunostaining studies, 2 � 105 CV-1 cells were seeded the day before
transfection in six-well plates (9.6 cm2 per well) containing 18-mm round glass
coverslips. For immunoprecipitation studies, 4 � 105 cells were seeded onto
60-mm dishes the day before transfection. Infections were performed by remov-
ing media from cells and overlaying cells with virus diluted in phosphate-buffered
saline (PBS) (137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4 [pH 7.5]) supple-
mented with 2 mM MgCl2 for 1 h at room temperature to allow virus to adsorb
to cells. Cells were then refed with medium and allowed to incubate further at
37°C. Top-component ISVP infection of cells transfected with �NS expression
plasmids was described previously (6).

Immunostaining and microscopy. Infected or transfected cells were fixed for
20 min with 2% paraformaldehyde in PBS, except for BrU experiments, in which
cells were fixed by incubation for 3 min in 100% methanol. Fixed cells were
washed three times with PBS and permeabilized for 5 min with 0.2% Triton
X-100 in PBS. Cells were again washed three times with PBS and blocked for 5
min with 2% bovine serum albumin in PBS. Primary and secondary antibodies
were diluted in 2% bovine serum albumin in PBS. After blocking, cells were
incubated for 1 h with primary antibodies, washed three times with PBS, and
incubated for 1 h with secondary antibodies. Immunostained cells were washed
a final three times with PBS and mounted onto slides with Prolong Plus reagent
(Molecular Probes). Immunostained samples were examined by using an
Optiphot-2 epifluorescence upright microscope (Nikon) or an Axiovert 200 inverted
fluorescence microscope (Zeiss). Images were collected digitally by using either
a Photometrics CoolSnapcf camera (Roper Scientific) and MetaVue imaging
software (Molecular Devices) or an AxioCam MR color camera and Axiovision
AC imaging software (Zeiss). Images were prepared for presentation by using
Photoshop and Illustrator (Adobe Systems).

Core immunoprecipitation assay. Transfected cells were lysed by incubation
for 30 min on ice in nondenaturing lysis (Raf) buffer (20 mM Tris [pH 8.0], 137
mM NaCl, 10% [vol/vol] glycerol, 1% [vol/vol] NP-40) containing protease in-
hibitors (Roche Biochemicals). 7F4 (�2-specific) monoclonal antibodies that had
been incubated for 2 h with protein A-conjugated magnetic beads (Dynal Bio-
tech) and washed six times with Raf buffer were separated into two aliquots.
MRV core particles, prepared as previously described (11), were added to one of
the two 7F4-coated bead aliquots at a concentration of 1 � 1012 cores/ml and
incubated with rotation for an additional 2 h at 4°C. 7F4/core-coated beads were
washed an additional six times with Raf buffer. 7F4-coated or 7F4/core-coated
beads were added in equal volumes to the �NS protein-containing cell lysates,
which were then rotated overnight at 4°C. Immunoprecipitated proteins were
separated from the cell lysate and washed four times with Raf buffer. Sample
buffer (125 mM Tris [pH 6.8], 10% [wt/vol] sucrose, 1% [wt/vol] sodium dodecyl
sulfate, 0.02% [vol/vol] �-mercaptoethanol, 0.01% bromophenol blue) was
added to both the immunoprecipitated proteins and the postbinding supernatant.
Samples were then boiled for 3 min and separated on denaturing 10% (wt/vol)
polyacrylamide gels containing 0.01% (wt/vol) sodium dodecyl sulfate. Proteins
were transferred from the gels onto pieces of nitrocellulose by electroblotting in
transfer buffer (25 mM Tris, 192 mM glycine, 20% [vol/vol] methanol [pH 8.3]).

Nitrocellulose was then blocked by incubation with 5% milk in Tris-buffered
saline (20 mM Tris [pH 7.6], 137 mM NaCl) containing 0.5% Tween 20 (Sigma)
(TBS-T) for 30 min at room temperature. Primary antibodies were allowed to
bind during incubation overnight at room temperature in TBS-T containing 1%
milk. HRP-conjugated secondary antibodies were allowed to bind during a 2-h
incubation at room temperature in TBS-T containing 1% milk. Before and after
the incubation with secondary antibodies, the nitrocellulose was washed three
times with TBS-T. The binding of HRP conjugates was detected by incubation
with chemiluminescence substrate (Bio-Rad) according to the manufacturer’s
recommendations, followed by exposure to film (Fuji).

BrU assay. CV-1 cells were plated onto 8-well chamber slides at a density of
1 � 104 cells per well and then infected with type 1 Lang or type 3 Dearing
ISVPs, prepared as previously described (19), at a multiplicity of infection of 100
PFU/cell. Infection was allowed to proceed for 2, 3, 4, or 6 h, at which time cells
were treated for 30 min with 10 �g/ml actinomycin D to inhibit cellular RNA
polymerase II (52). Cells were then transfected with 10 mM BrU in 3.7 �l
Lipofectamine in 30 �l Optimem in the presence or absence of 10 �g/ml acti-
nomycin D and incubated for an additional 60 min before fixation and immu-
nostaining.

RESULTS

�NS and EGFP-fused NSP5 form nonoverlapping cytoplas-
mic structures. To establish the feasibility of our new ap-
proach for defining regions of �NS sufficient for associating
with other MRV proteins, we examined its capacity to detect
such a known association. A plasmid expressing �NS was co-
transfected into cells with a plasmid expressing either EGFP/
NSP5 or EGFP/NSP5 fused to the �NS-associating protein
�NS. At 18 h posttransfection (p.t.), cells were fixed and
stained with antibodies against �NS. The inherent fluores-
cence of EGFP was used to detect EGFP/NSP5 or �NS/EGFP/
NSP5. Interestingly, when the FLS-forming �NS was coexpressed
with the VLS-forming EGFP/NSP5, the proteins formed distinc-
tive structures in cells as previously described (8, 32, 34); how-
ever, the respective structures did not colocalize, suggesting
that the proteins do not associate (Fig. 1, top). In contrast,
when �NS was coexpressed with �NS/EGFP/NSP5, the respec-
tive structures completely colocalized in cells (Fig. 1, bottom),
reflecting the known association of �NS with �NS and validat-
ing the use of EGFP/NSP5-formed VLS as a way to identify
regions of �NS that are sufficient for associations with other
MRV proteins.

�NS aa 20 to 25 are necessary and aa 14 to 41 are sufficient
for associations with �2. The MRV �2 protein was previously
shown to be a strain-specific microtubule-associated protein
(38). When expressed alone in transfected cells, �2 derived
from most MRV strains localizes to cellular microtubules and
the nucleus (38). When coexpressed with �NS (Fig. 2A, top)
and in infected cells, �2 and �NS from these strains are asso-
ciated with microtubules (8, 38). For occasional MRV strains
in which �2 does not associate with microtubules, it colocalizes
with �NS in FLS and VF, suggesting that the association be-
tween �NS and �2 is independent of the �2 microtubule
association but necessary for �NS microtubule localization (8).
To identify the regions of �NS that are necessary and sufficient
for the association with �2 more precisely, we created a series
of �NS deletion mutants and N-terminal fusions to EGFP/
NSP5 and examined the ability of �2 to associate with these
proteins following plasmid cotransfections into cells. We de-
fined the region of �NS necessary for the association with �2
by creating deletions from the N terminus of �NS. We cotrans-
fected cells with plasmids expressing �2 and the �NS deletion
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mutants and examined the localization of �2 and �NS within
the cells at 18 h p.t. by immunofluorescence microscopy. In
cells coexpressing �2 and �NS(20-721), �NS colocalized with
�2 on cellular microtubules, suggesting that this deletion did
not affect their association (Fig. 2A, middle). In cells coex-
pressing �2 and �NS(26-721), while �2 localized to both the
nucleus and cellular microtubules (Fig. 2, bottom right),
�NS(26-721) was found in FLS that did not associate with
microtubules (Fig. 2A, bottom left), suggesting that �NS aa 20
to 25 are necessary for the �2 association.

To identify regions of �NS sufficient for the association with
�2, we created a series of plasmids expressing fusion proteins
connecting fragments of the N-terminal 41 aa of �NS to
EGFP/NSP5. We then tested the ability of �2 to associate with
each of these fusion proteins in transfected cells. In each case,
protein localization was examined at 18 h p.t. by immunofluo-
rescence microscopy. �2 did not associate with either �NS(1-
12)/EGFP/NSP5 (Fig. 2B, second row) or �NS(1-20)/EGFP/
NSP5 (Fig. 2B, third row) but did associate with �NS(1-41)/
EGFP/NSP5 (Fig. 2B, bottom row), mirroring our previous
findings that these N-terminal amino acids of �NS are not
necessary for the �2 association and that �NS(1-41) is suffi-
cient for the �2 association (8, 33). Additional N-terminal
deletions were made from the �NS(1-41)/EGFP/NSP5 fusion
protein to determine the smallest region of �NS sufficient for
the association with �2. When �2 was coexpressed with
�NS(14-41)/EGFP/NSP5, the two proteins completely colocal-
ized on cellular microtubules (Fig. 2C, top); however, �2 did
not efficiently associate with �NS(20-41)/EGFP/NSP5 (Fig.
2C, bottom). Taken together, these data suggest that �NS aa
14 to 41 are sufficient for the association with �2.

�NS aa 1 to 12 and aa 14 to 41 are sufficient for association
with �NS. Our previously described deletion of 13 aa from the
�NS N terminus (33) disrupted its association with �NS, and
because this was already a small region, we did not create
additional deletions to dissect it further. These previous find-
ings suggested that �NS might associate with the N-terminal 12
aa of �NS. Indeed, when �NS was coexpressed with �NS(1-
12)/EGFP/NSP5 in cells, we found that the two proteins colo-
calized in VLS, although colocalization was incomplete (Fig.

3A, second row). When an additional 8 aa from �NS were
added to the EGFP/NSP5 fusion protein, �NS colocalized with
VLS in every cell (Fig. 3A, third row), suggesting that �NS aa
13 to 19 contribute to the �NS association. When the N-
terminal 13 aa were deleted from the �NS fusion protein, �NS
also completely colocalized with VLS in every cell (Fig. 3B,
top). �NS aa 14 to 19 again appear to be important for this
putative binding region for �NS, because when deleted in the
fusion protein, there was no association between the two pro-
teins (Fig. 3B, bottom). These findings suggest that �NS may
bind independently to two different regions within the N-ter-
minal 41 aa of �NS: aa 1 to 12 and aa 14 to 41.

�NS aa 65 to 74 are necessary and aa 41 to 173 are sufficient
for associations with �1. A previous study showed that the
deletion of the N-terminal 41 aa of �NS does not disrupt its
associations with the viral core surface protein �1 (6). To
identify the region of �NS that associates with �1 more pre-
cisely, we utilized a series of N-terminal deletion mutants of
�NS. We cotransfected plasmids expressing each deletion mu-
tant with plasmids expressing �1 in cells and then visualized the
localization of �1 relative to FLS at 18 h p.t. by immunofluo-
rescence microscopy. We found that the deletion of 55 aa from
the N terminus of �NS did not disrupt the association with �1
(Fig. 4A, second row). The deletion of an additional 10 aa from
�NS did not completely abrogate the �1 association; however,
�1 formed aggregates in these cells, which appeared to localize
around FLS, and a portion of �1 was diffusely distributed in
cells (Fig. 4A, third row). The deletion of 74 aa from the �NS
N terminus resulted in the loss of an association with �1 (Fig.
4A, fourth row), suggesting that �NS aa 65 to 74 are necessary
for the �1 association. Further �NS deletions of 94 and 172 aa
also resulted in the loss of an association with �1 (Fig. 4A, fifth
and bottom rows).

We were next interested in identifying the �NS regions
sufficient for the association with �1. To identify these regions,
we constructed plasmids to express a series of EGFP/NSP5
fusion proteins containing contiguous short regions of �NS.
Work with our deletion mutants suggested that the N-terminal
221 aa of �NS are necessary for the association with each of
the tested proteins except the viral RNA-dependent RNA

FIG. 1. MRV �NS and EGFP-fused rotavirus NSP5 form nonoverlapping structures that can be made to colocalize through a known
protein-protein association. CV-1 cells cotransfected with a plasmid expressing �NS and either EGFP/NSP5 (top) or �NS/EGFP/NSP5 (bottom)
were fixed at 18 h p.t. FLS were visualized by staining with �NS-specific polyclonal antibodies followed by Alexa 594-conjugated goat anti-rabbit
IgG (left). VLS were visualized by the inherent fluorescence of EGFP (middle). Merged images are also shown (right). Bar, 10 �m.
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polymerase (RdRp) �3 (see below), and thus, we restricted our
�NS/EGFP/NSP5 fusions to the N-terminal 227 aa of �NS.
We cotransfected a plasmid expressing each of the fusion pro-
teins with a plasmid expressing �1 and visualized the protein

localizations at 18 h p.t. by immunofluorescence microscopy.
We found that �1 associated with the EGFP/NSP5 fusion con-
taining either �NS(1-227) (Fig. 4B, second row) or �NS(41-
221) (Fig. 4B, third row) but not with the fusion containing

FIG. 2. �NS aa 20 to 25 are necessary and aa 14 to 41 are sufficient for associations with minor core protein �2. For each experiment, cells
were processed for fluorescence microscopy at 18 h p.t. (A) CV-1 cells were cotransfected with plasmids expressing �2 and either �NS (top),
�NS(20-721) (middle), or �NS(26-721) (bottom). After fixation, cells were stained with rabbit polyclonal antibodies against �2 followed by Texas
Red-conjugated �NS-specific rabbit IgG to visualize �NS (left) and Alexa 488-conjugated goat anti-rabbit IgG to visualize �2 (right). (B) CV-1
cells were cotransfected with plasmids expressing �2 and either EGFP/NSP5 (top row), �NS(1-12)/EGFP/NSP5 (second row), �NS(1-20)/EGFP/
NSP5 (third row), or �NS(1-41)/EGFP/NSP5 (bottom row). After fixation, cells were stained with rabbit polyclonal antibodies against �2 followed
by Alexa 594-conjugated goat anti-rabbit IgG to visualize �2 (right). The inherent fluorescence of EGFP was used to visualize each of the fusion
proteins (left). (C) CV-1 cells were cotransfected with plasmids expressing �2 and �NS(14-41)/EGFP/NSP5 (top) or �NS(20-41)/EGFP/NSP5
(bottom). After fixation, cells were stained with rabbit polyclonal antibodies against �2 followed by Alexa 594-conjugated goat anti-rabbit IgG to
visualize �2 (right). The inherent fluorescence of EGFP was used to visualize each of the fusion proteins (left). Bar, 10 �m.
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�NS(55-221) (Fig. 4B, bottom row). In contrast to what was
found for the �NS N-terminal deletion mutants, these findings
suggest that in the absence of the �NS C terminus, aa 42 to 54
are necessary for the �1 association. We additionally examined
the localization of �1 when coexpressed with EGFP/NSP5 fu-
sions from which an additional 49 aa and 63 aa were deleted
from the C terminus of the �NS fragment. In these experi-
ments, �1 associated with the fusion containing �NS(41-173)

(Fig. 4C, top) but not with that containing �NS(41-110) (Fig.
4C, bottom), suggesting that amino acids in the region of aa
111 to 173 of �NS are important for the �1 association. These
findings suggest that �NS aa 41 to 173 are sufficient for the �1
association.

�NS aa 75 to 84 are necessary and aa 41 to 173 are sufficient
for associations with �2. Similar to the case for �1, we previ-
ously found that the N-terminal 41 aa of �NS are not necessary
for the association with �2 (6). We next investigated the region
of �NS that was necessary for the association with �2 by indi-
vidually cotransfecting a plasmid expressing �2 with a panel of
�NS N-terminal deletion mutants and examining the localiza-
tion of �2 relative to FLS by immunofluorescence microscopy.
We found that �2 associated with FLS formed by �NS(55-721)
(Fig. 5A, second row) and �NS(65-721) (Fig. 5A, third row)
was less completely associated to FLS formed by �NS(75-721)
(Fig. 5A, fourth row) and did not colocalize with FLS formed
by �NS(85-721) or �NS(95-721) (Fig. 5A, fifth and bottom
rows). These findings suggest that �NS aa 75 to 84 are neces-
sary for the �2 association with �NS.

To identify the region of �NS sufficient for the association
with �2, we examined the localization of this protein when
coexpressed with our panel of �NS/EGFP/NSP5 fusion pro-
teins. We found that �2 associated with the EGFP/NSP5 fusion
containing �NS(1-227) (Fig. 5B, second row), �NS(41-221)
(Fig. 5B, third row), or �NS(55-221) (Fig. 5B, fourth row) but
not with that containing �NS(95-221) (Fig. 5B, bottom row).
We then tested its association with the fusions from which an
additional 48 aa were deleted from the C terminus of the �NS
fragment and found that �2 associated with that containing
�NS(55-173) (Fig. 5C, top) but not with that containing
�NS(95-173) (Fig. 5C, middle). The deletion of 63 aa more
from the C terminus of the �NS fragment abrogated colocal-
ization with �2 (Fig. 5C, bottom), suggesting that amino acids
in the region of aa 110 to 173 of �NS are important for the �2
association. These findings suggest that �NS aa 55 to 173 are
sufficient for the �2 association.

�NS aa 173 to 220 are necessary and sufficient for associ-
ations with �2. As found for the core surface proteins �1 and
�2, our previous studies have shown that the N-terminal 41 aa
of �NS are not required for its association with the other core
surface protein, �2 (6). To map the region of �NS necessary
for the association with �2 more precisely, we cotransfected
a plasmid expressing �2 with plasmids expressing �NS N-
terminal deletion mutants and then examined the localiza-
tion of �2 relative to FLS formed by each of the �NS
deletions at 18 h p.t. by immunofluorescence microscopy.
We found that �2 colocalized with FLS formed by �NS(173-
721) (Fig. 6A, middle) but was diffusely distributed through-
out cells expressing �NS(221-721), even though the latter
deletion continued to form distinctive FLS (Fig. 6A, bot-
tom). These data suggest that �NS aa 173 to 220 are nec-
essary for the association with �2.

To identify the region of �NS sufficient for the association
with �2, we determined the localization of �2 when coex-
pressed with plasmids expressing �NS/EGFP/NSP5 fusion pro-
teins. Cells were transfected, and the localization of �2 relative
to VLS formed by the fusion proteins was examined at 18 h p.t.
by immunofluorescence microscopy. Consistent with results
described above for nonfused �NS deletions, we found that �2

FIG. 3. �NS aa 1 to 12 or aa 14 to 41 are sufficient for associations
with the nonstructural protein �NS. For each experiment, cells were
processed for fluorescence microscopy at 18 h p.t. (A) CV-1 cells were
cotransfected with plasmids expressing �NS and either EGFP/NSP5
(top), �NS(1-12)/EGFP/NSP5 (middle), or �NS(1-20)/EGFP/NSP5
(bottom). After fixation, cells were stained with mouse monoclonal
antibody 3E10 against �NS followed by Alexa 594-conjugated goat
anti-mouse IgG to visualize �NS (right). The inherent fluorescence of
EGFP was used to visualize each of the fusion proteins (left). (B) CV-1
cells were cotransfected with plasmids expressing �NS and either
�NS(14-41)/EGFP/NSP5 (top) or �NS(20-41)/EGFP/NSP5 (bottom).
After fixation, cells were stained with mouse monoclonal antibody
3E10 against �NS followed by Alexa 594-conjugated goat anti-mouse
IgG to visualize �NS (right). The inherent fluorescence of EGFP was
used to visualize each of the fusion proteins (left). Bar, 10 �m.
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FIG. 4. �NS aa 65 to 74 are necessary and aa 41 to 173 are sufficient for associations with the core surface protein �1. For each
experiment, cells were processed for fluorescence microscopy at 18 h p.t. (A) CV-1 cells were cotransfected with plasmids expressing �1 and
either �NS (top row), �NS(55-721) (second row), �NS(65-721) (third row), �NS(75-721) (fourth row), �NS(95-721) (fifth row), or
�NS(173-721) (bottom row). After fixation, cells were stained with rabbit polyclonal antibodies against MRV cores followed by Texas
Red-conjugated �NS-specific rabbit IgG to visualize �NS (left) and Alexa 488-conjugated goat anti-rabbit IgG to visualize �1 (right).
(B) CV-1 cells were cotransfected with plasmids expressing �1 and either EGFP/NSP5 (top row), �NS(1-227)/EGFP/NSP5 (second row),
�NS(41-221)/EGFP/NSP5 (third row), or �NS(55-221)/EGFP/NSP5 (bottom row). After fixation, cells were stained with rabbit polyclonal
antibodies against MRV cores followed by Alexa 594-conjugated goat anti-rabbit IgG to visualize �1 (right). The inherent fluorescence of
EGFP was used to visualize each of the fusion proteins (left). (C) CV-1 cells were cotransfected with plasmids expressing �1 and either
�NS(41-173)/EGFP/NSP5 (top) or �NS(41-110)/EGFP/NSP5 (bottom). After fixation, cells were stained with rabbit polyclonal antibodies
against MRV cores followed by Alexa 594-conjugated goat anti-rabbit IgG to visualize �1 (right). The inherent fluorescence of EGFP was
used to visualize each of the fusion proteins (left). Bar, 10 �m.
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localized to VLS formed by �NS(173-221)/EGFP/NSP5 (Fig.
6B, bottom), suggesting that �NS aa 173 to 220 are sufficient
for the association with �2.

The C-terminal 250 aa of �NS are sufficient for associations
with �3. Although our previous studies have shown that full-
length �NS associates with the MRV RdRp �3 (32), this pro-
tein was not examined for its ability to associate with �NSC, a
second form of �NS expressed in cells that is missing the
N-terminal 41 aa (29). We utilized our new panel of �NS
deletion mutants in this study to identify the region of �NS
necessary for the association with �3. A plasmid expressing an
HA-tagged form of �3 was cotransfected with plasmids ex-
pressing each of the �NS deletions. The localization of HA-
tagged �3 was then examined relative to the FLS formed by
each of the �NS deletions at 18 h p.t. by immunofluorescence
microscopy. We found that �3/HA associated completely with
�NS(41-721) (Fig. 7A, second row) and �NS(55-721) (Fig. 7A,
third row) and continued to colocalize partially with �NS(95-
721) (Fig. 7A, fourth row), �NS(173-721) (Fig. 7A, fifth row),
or �NS(471-721) (Fig. 7A, bottom row), suggesting that �NS
aa 471 to 721 are sufficient for the association with �3/HA.
Since further deletions from the N terminus of �NS result in
the loss of FLS formation (8), such mutants could not be
examined using this assay.

Because the localization of �3/HA to FLS appeared to be
partially diminished with some of the �NS deletion mutants,
we utilized an additional assay to confirm that �NS aa 471 to
721 are sufficient for the association with �3-HA. Our previous
experiments showed that when coexpressed in cells, MRV �NS
and rotavirus EGFP/NSP5 do not colocalize and instead form
nonoverlapping FLS and VLS, respectively (Fig. 1, top). We
therefore cloned the L1 gene, encoding the �3 protein, up-
stream of the sequences encoding EGFP/NSP5 to form a plas-
mid expressing �3/EGFP/NSP5. This plasmid was then co-
transfected with a plasmid expressing either full-length �NS or
�NS(471-721), and the localization of �3/EGFP/NSP5 relative
to �NS(1-721) or �NS(471-721) FLS was examined at 18 h p.t.
by immunofluorescence microscopy to determine if the addi-
tion of �3 to EGFP/NSP5 would cause a coalescence of FLS
and VLS. As expected, �3/EGFP/NSP5 associated with �NS(1-
721) (Fig. 7B, top). Importantly, the �3/EGFP/NSP5 fusion
also completely colocalized with �NS(471-721) (Fig. 7B, bot-
tom), confirming that the C-terminal 250 aa of �NS are suffi-
cient for the association with �3.

We also attempted to examine the association of �3/HA with
fusion proteins consisting of fragments of �NS fused to EGFP/

NSP5 as we had done to define regions of �NS sufficient for
associations with other MRV proteins. In this case, however,
we found that �3/HA colocalized with EGFP/NSP5 VLS even
in the absence of �NS fusions to the latter protein. This is
perhaps not completely unexpected, as the MRV RdRp �3
shares notable homology with the rotavirus RdRp VP1, a
known NSP5-associating protein (2).

Core particles associate with �NS aa 173 to 220. We have
previously shown that in addition to recruiting each of the viral
core proteins and �NS to VF, parental input core particles are
recruited to FLS when cells transfected with a plasmid express-
ing full-length �NS are infected with top-component (genome-
minus) ISVPs of MRV (6). To identify the region of �NS
necessary for the recruitment of core particles to FLS, we
transfected cells with a plasmid expressing either full-length
�NS or the deletion mutant �NS(41-721), �NS(173-721), or
�NS(221-721). At 6 h p.t., we infected the transfected cells
with top-component ISVPs at 1,000 PFU/cell in the presence
of cycloheximide to prevent protein synthesis. At 90 min
postinfection (p.i.), cells were fixed and stained with antibodies
against �NS and MRV core particles, and the localization of
cores relative to FLS was examined by immunofluorescence
microscopy. We found that cores localized to FLS in cells
expressing both full-length �NS (Fig. 8A, top) (as previously
shown [6]) as well as the deletion mutant �NS(173-721) (Fig.
8A, middle). In cells expressing �NS(221-721), however, core
particles did not associate with FLS (Fig. 8A, bottom), sug-
gesting that �NS aa 173 to 220 are necessary for core recruit-
ment to FLS.

A second experimental approach was used to confirm the
region of �NS necessary for the association with parental core
particles. Cells transfected with a plasmid expressing full-
length �NS or the deletion mutant �NS(173-721) or �NS(221-
721) were incubated for 18 h p.t. and then collected and lysed.
Magnetic beads conjugated with protein A were incubated
with monoclonal antibody 7F4 against the core surface protein
�2 and then split into two aliquots. One aliquot (bead/�2) was
set aside, and the other aliquot was incubated with purified
MRV core particles (bead/�2/cores). The 7F4-bound beads,
bound to cores or not, were then incubated for 4 h with wild-
type or mutant �NS-containing lysates, and beads and associ-
ated proteins were then separated from the supernatant and
washed. Proteins contained in the bead (pellet) fraction as well
as in the postbinding supernatant fraction were separated by
SDS-PAGE, and any �NS protein associated with the samples
was visualized by immunoblotting using �NS antiserum. When

FIG. 5. �NS aa 75 to 84 are necessary and aa 55 to 173 are sufficient for associations with the core surface protein �2. For each experiment,
cells were processed for fluorescence microscopy at 18 h p.t. (A) CV-1 cells were cotransfected with plasmids expressing �2 and either �NS (top
row), �NS(55-721) (second row), �NS(65-721) (third row), �NS(75-721) (fourth row), �NS(85-721) (fifth row), or �NS(95-721) (bottom row).
After fixation, cells were stained with rabbit polyclonal antibodies against �NS and mouse monoclonal antibody 7F4 against �2 followed by Alexa
594-conjugated goat anti-rabbit IgG to visualize �NS (left) and Alexa 488-conjugated goat anti-mouse IgG to visualize �2 (right). (B) CV-1 cells
were cotransfected with plasmids expressing �2 and either EGFP/NSP5 (top row), �NS(1-227)/EGFP/NSP5 (second row), �NS(41-221)/EGFP/
NSP5 (third row), �NS(55-221)/EGFP/NSP5 (fourth row), or �NS(95-221)/EGFP/NSP5 (bottom row). After fixation, cells were stained with
mouse monoclonal antibody 7F4 against �2 followed by Alexa 594-conjugated goat anti-mouse IgG to visualize �2 (right). The inherent
fluorescence of EGFP was used to visualize each of the fusion proteins (left). (C) CV-1 cells were cotransfected with plasmids expressing �2 and
either �NS(55-173)/EGFP/NSP5 (top), �NS(95-173)/EGFP/NSP5 (middle), or �NS(41-110)/EGFP/NSP5 (bottom). After fixation, cells were
stained with mouse monoclonal antibody 7F4 against �2 followed by Alexa 594-conjugated goat anti-mouse IgG to visualize �2 (right). The
inherent fluorescence of EGFP was used to visualize each of the fusion proteins (left). Bar, 10 �m.
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bead/7F4 complexes were used to immunoprecipitate associ-
ated proteins, full-length �NS was found entirely in the super-
natant (Fig. 8B, lanes 1 and 2), reflecting the inability of the
�2-specific antibody to immunoprecipitate �NS from the ly-
sate. However, when bead/7F4/core complexes were incubated
with lysate containing full-length �NS, most �NS was found in
the pellet (Fig. 8B, lanes 3 and 4), reflecting the specific inter-

action of �NS with core particles. Similar results were seen
when lysate containing �NS(173-721) was used, with �NS
found entirely in the supernatant following incubation with
bead/7F4 complexes (Fig. 8B, lanes 5 and 6) and in both the
supernatant and pellet fraction following incubation with bead/
7F4/core complexes (Fig. 8B, lanes 7 and 8). This suggests that
the N-terminal 172 aa of �NS are not required for the associ-
ation with core particles. In the lysate expressing �NS(221-
721), in contrast, a different result was seen. When incubated
with either bead/7F4 complexes or bead/7F4/core complexes,
�NS(221-721) was found entirely in the supernatant fraction of
the immunoprecipitation (Fig. 8B, lanes 9 to 12). This finding
suggests that �NS(221-721) is not able to bind core particles
and concurs with our immunofluorescence findings showing
that �NS aa 173 to 220 are necessary for the association with
MRV core particles.

Newly synthesized MRV RNA is localized to VF in infected
cells. Our previous results showing that parental core particles
localize to FLS formed by �NS (6), coupled with the above-
described new results defining a region of �NS necessary for
this localization, suggest that MRV core particles are embed-
ded in VF in infected cells. Because cores synthesize the plus-
strand RNAs of MRV (22), we hypothesized that the localiza-
tion of cores to VF may result in the production of MRV
plus-strand RNAs within VF during infection. To test this
hypothesis, we infected cells with ISVPs and at early times p.i.
transfected the infected cells with BrU, a uridine analog that is
efficiently incorporated into RNA as it is synthesized (24), in
the presence or absence of actinomycin D, an inhibitor of
cellular RNA polymerase II (52), to prevent cellular transcrip-
tion. At 60 min p.t., cells were fixed and stained with antibodies
against �NS to visualize VF as well as with antibodies against
bromodeoxyuridine, which cross-react with BrU (23), to vi-
sualize newly synthesized RNA. The localization of newly
synthesized RNA relative to VF was visualized by immuno-
fluorescence microscopy. We found that in infected cells
pulse-labeled with BrU (Fig. 9, top), the localization of
newly synthesized BrU-containing RNA was concentrated in
VF, supporting our hypothesis that MRV plus-strand RNAs
are synthesized by core particles localized within these struc-
tures. The BrU staining in VF was not a result of nonspecific
antibody binding, as no staining was seen in the absence of
BrU transfection (Fig. 9, middle). The presence of newly tran-
scribed RNA was not seen in actinomycin D-treated, unin-
fected cells (Fig. 9, bottom left), and an alternative pattern of
nuclear BrU staining was seen in uninfected cells without ac-
tinomycin D treatment (Fig. 9, bottom right).

DISCUSSION

Early studies found that �NS is a major protein component
of replication complexes associated with MRV RNAs (35, 36).
Subsequent studies have shown that �NS associates with each
of the viral core proteins, �NS, and core particles and that
these associations result in their recruitment to or retention in
FLS (4, 6–8, 32, 33). The consequent hypothesis is that �NS
serves as a cytoplasmic scaffolding protein that organizes core
proteins, �NS, and core particles such that viral replication and
assembly intermediates can efficiently form in VF, which are
sites of MRV genome replication and progeny core assembly

FIG. 6. �NS aa 173 to 220 are necessary and aa 173 to 221 are
sufficient for associations with the core surface protein �2. For each
experiment, cells were processed for fluorescence microscopy at 18 h
p.t. (A) CV-1 cells were cotransfected with plasmids expressing �2 and
either �NS (top), �NS(173-721) (middle), or �NS(221-721) (bottom).
After fixation, cells were stained with rabbit polyclonal antibodies
against MRV cores followed by Texas Red-conjugated �NS-specific
rabbit IgG to visualize �NS (left) and Alexa 488-conjugated goat
anti-rabbit IgG to visualize �2 (right). (B) CV-1 cells were cotrans-
fected with plasmids expressing �2 and either EGFP/NSP5 (top) or
�NS(173-221)/EGFP/NSP5 (bottom). After fixation, cells were stained
with rabbit polyclonal antibodies against MRV cores followed by Alexa
594-conjugated goat anti-rabbit IgG to visualize �2 (right). The inher-
ent fluorescence of EGFP was used to visualize each of the fusion
proteins (left). Bar, 10 �m.
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(14, 40, 44). Our new results, which show that each associating
protein or particle utilizes distinct primary sequence regions
within �NS, support this hypothesis by providing evidence that
a single molecule of �NS may be capable of associating with
multiple MRV proteins at the same time (see Fig. 10 for a

summary of results). However, additional work is needed to
determine if a single molecule of �NS can bind all, a subset, or
just one of its identified binding partners or, alternatively, if the
binding of one protein interferes with the binding of others.
The sequential association of a particular �NS molecule with

FIG. 7. �NS aa 471 to 721 are necessary and sufficient for associations with MRV RdRp �3. In each experiment, cells were processed for
fluorescence microscopy at 18 h p.t. (A) CV-1 cells were cotransfected with plasmids expressing �3/HA and either �NS (top row), �NS(41-721)
(second row), �NS(55-721) (third row), �NS(95-721) (fourth row), �NS(173-721) (fifth row), or �NS(471-721) (bottom row). After fixation, cells
were stained with rabbit polyclonal antibodies against �NS and mouse monoclonal antibody against HA followed by Alexa 594-conjugated goat
anti-rabbit IgG to visualize �NS (left) and Alexa 488-conjugated goat anti-mouse IgG to visualize HA-tagged �3 (right). (B) CV-1 cells were
cotransfected with plasmids expressing �3/EGFP/NSP5 and either �NS (top) or �NS(471-721) (bottom). After fixation, cells were stained with
rabbit polyclonal antibodies against �NS followed by Alexa 594-conjugated goat anti-rabbit IgG to visualize �NS (left). The inherent fluorescence
of EGFP was used to visualize �3/EGFP/NSP5 (right). Bar, 10 �m.

VOL. 84, 2010 LOCALIZATION OF MRV PROTEINS TO CYTOPLASMIC SCAFFOLDS 877



different proteins over the course of the process of replication
and assembly is another interesting possibility.

We previously reported that upon entering cells, MRV core
particles are rapidly localized to FLS that have been preformed
by plasmid-expressed �NS and thus might be similarly re-
cruited into a newly forming VF during the course of normal
infection (6). It was not known, however, if cores are recruited
to VF in infected cells. The core serves as the transcriptase
particle for the production of MRV plus-strand RNAs (22);
thus, if cores localize to VF during infection, it would be
expected that newly synthesized MRV RNAs are located

within VF. In this study, we found that MRV RNAs are local-
ized to VF from very early times after infection (starting at 3 h
p.i.), suggesting that entering cores are recruited to VF as they
form at early times in infected cells or, alternatively, that en-
tering cores may seed VF at early times in infection. Together
with the localization of all five core structural proteins, as well
as the ssRNA-binding nonstructural protein �NS, which is
thought to play a role in genome replication and/or packaging
(3, 12, 20, 21, 39), this localization of cores to VF may be a
particularly efficient way for the virus to ensure that newly
transcribed MRV plus-strand RNAs are retained close to the

FIG. 8. �NS aa 173 to 220 are necessary for MRV core particle localization to FLS and associations with MRV cores. (A) CV-1 cells were
transfected with a plasmid expressing either �NS (top row), �NS(173-721) (middle row), or �NS(221-721) (bottom row). At 6 h p.t., 100 �g/ml
of cycloheximide (CHX) was added to the cells for 30 min, at which point the cells were incubated (still in the presence of cycloheximide) with
type 1 Lang top-component (TC) ISVPs (1,000 PFU/cell) at 4°C for 30 min and then shifted to 37°C for 90 min and fixed. Cells were stained with
mouse monoclonal antibody 7F4 against �2 followed by Texas Red-conjugated �NS-specific rabbit IgG to visualize �NS (left) and Alexa
488-conjugated goat anti-mouse IgG to visualize �2 (middle). Merged images are also shown (right). Bars, 10 �m. (B) CV-1 cells transfected with
a plasmid expressing either �NS (lanes 1 to 4), �NS(173-221) (lanes 5 to 8), or �NS(221-721) (lanes 9 to 12) were lysed at 18 h p.t., and the proteins
from the resulting lysates were immunoprecipitated with magnetic beads preincubated with mouse monoclonal antibody 7F4 against �2 either
without (lanes 1, 2, 5, 6, 9, and 10) or with (lanes 3, 4, 7, 8, 11, and 12) an additional incubation with MRV core particles. Postbinding supernatants
(S) and immunoprecipitated proteins (P) were then separated by SDS-PAGE, and associated �NS proteins were visualized by immunoblotting
using rabbit polyclonal antibodies against �NS followed by HRP-conjugated goat anti-rabbit IgG antibody to visualize �NS. �NS, �NS(173-221),
and �NS(221-721) are indicated by arrows.
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proteins necessary for replication and core assembly. The lo-
calization of newly synthesized RNAs at viroplasms was also
shown previously for rotavirus- and phytoreovirus-infected
cells (45, 51), suggesting that diverse members of the family
Reoviridae are similar in this regard.

The region of �NS mapped as necessary for associations
with core particles is the same one mapped as both necessary
and sufficient for the association with the core surface protein
�2. This suggests that cores may be localized to FLS by the
association of �NS with �2 on the surface of the core particle;
however, we have not yet identified the region of �2 involved
in the association with �NS and therefore do not yet know if
this region is surface exposed in the context of the assembled
core. We have also recently found that �NS associates with a
small region of the core surface protein �2 that is indeed
surface exposed in the assembled core (C. L. Miller and M. L.
Nibert, unpublished results), therefore raising the possibility
that core particles may also associate with �NS via �2. Fur-
thermore, we have not yet addressed the region of �NS that is
sufficient for the association of cores, leaving open the possi-
bility that more than one region of �NS can associate with
cores such that they localize to FLS.

Like �NS, orbivirus NS2, phytoreovirus Pns12, and rotavirus
NSP2/NSP5 have been shown to be the only viral proteins
whose expression is required for forming VIB-like structures
or VLS in transfected cells (18, 47, 48, 51). Thus, other, and
perhaps all, members of the family Reoviridae encode specific
proteins that function in part to form the organizational matrix
of these cytoplasmic structures. In addition, there is a good

deal of evidence suggesting that these other proteins, like �NS,
are involved in recruiting or retaining other viral proteins to
their respective structures. For example, most of the proteins
that make up the bluetongue virus (orbivirus) core and outer
capsid are localized in or near VIBs in infected cells (9). Sim-
ilarly, several recent studies have shown that in addition to its
function in forming the matrix of VIBs, the NS2 protein is
involved in recruiting or retaining the bluetongue virus core
proteins VP1 (RdRp), VP3 (core shell protein), VP4 (mRNA
capping enzyme), and VP6 (dsRNA helicase) to VIBs (25).
The remaining core protein (VP7) appears to be recruited to
VIBs through its association with VP3 (25). The regions within
the NS2 protein necessary and sufficient for each of these
functions have not yet been identified, but it would be inter-
esting if, like �NS, NS2 associates with each of the proteins
utilizing short, largely nonoverlapping sequences, supporting
our hypothesis that these proteins act as cytoplasmic scaffold-
ing for building replication or assembly complexes in cells.

Unlike MRV, orbiviruses, and phytoreoviruses, rotaviruses
encode two proteins that must normally associate to form
viroplasms in infected cells (18). Whether these two proteins
“split” the functional duties of �NS, NS2, or Pns12 is not
known. NSP5 and NSP2 have both been reported to associate
with the rotavirus RdRp VP1 (2), suggesting that NSP5 and
NSP2 may work together to recruit other rotavirus proteins to
VLS. A determination of other rotavirus protein associations
with VLS, along with the mapping of these associations, will
shed light on other potential similarities and differences be-
tween �NS and these proteins.

FIG. 9. Newly synthesized MRV RNA is localized to VF in infected cells. CV-1 cells were infected with type 1 Lang (T1L) ISVPs at 100
PFU/cell (top and middle) or not infected (bottom), and at 6 h p.i., cells were treated (�ActD) or not (no ActD), as indicated, with actinomycin
D to inhibit transcription by cellular RNA polymerase II. Cells were then transfected (�BrU) or not transfected (no BrU), as indicated, with BrU.
At 60 min p.t., cells were fixed and stained with rabbit polyclonal antibodies against �NS and a mouse monoclonal antibody against bromode-
oxyuridine, which also binds to BrU, followed by Alexa 594-conjugated goat anti-rabbit IgG to visualize �NS (top and middle, left) and Alexa
488-conjugated goat anti-mouse IgG to visualize BrU (top, middle, and bottom rows, middle column, and bottom row, left column). Merged images
of the top and middle panels are also shown (right). Bar, 10 �M.
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FIG. 10. Summary of �NS regions necessary and sufficient for associations with �NS, �2, �1, �2, �2, �3, and core particles. (A) List of all �NS
deletion mutants and EGFP/NSP5 fusion proteins tested in this study and the results of their association with the indicated MRV proteins and
MRV cores. ND, not determined; NS, nonspecific association. (B) Schematic representation of �NS showing regions of the protein necessary and
sufficient for associations with each MRV protein and core particles.
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When coexpressed in cells, �NS and EGFP/NSP5 form non-
overlapping structures. Little is known about the cellular pro-
teins that may be involved in forming either FLS or VLS;
however, this result suggests that either the two proteins do not
require a shared set of cellular proteins to form the structures
or any shared cellular proteins that they do require are abun-
dant enough for both structures to form independently in cells.
The identity and importance of cellular proteins that associate
with �NS are currently under investigation.

One cellular system that does appear to play some role in
both VF/FLS and viroplasm/VLS formation is the microtubule
network. When cells are treated with the microtubule-depoly-
merizing drug nocodazole, VF (in infected cells) and FLS (in
cells expressing �NS) remain small and diffusely distributed in
the cytoplasm (compared to the large, perinuclear structures
that are normally seen) (8, 38). This finding suggests that VF
movement on microtubules plays a role in VF coalescence.
Similarly, a recent study showed that both NSP2 and NSP5
associate with cellular microtubules and that nocodazole treat-
ment of rotavirus-infected cells results in small, diffuse viro-
plasms that do not develop into larger, more perinuclear struc-
tures (10). Nonetheless, while some FLS and VLS localize near
each other in the cytoplasm (perhaps suggesting the movement
of both of them on the same microtubule track), this associa-
tion with microtubules does not result in coalescence events
between �NS and EGFP/NSP5. Unlike �NS and NSP2/NSP5,
it was recently reported that the formation of VIB-like struc-
tures by bluetongue virus NS2 is not affected by a disruption of
the microtubule network (25), suggesting that these cytoplas-
mic scaffolding proteins from the different viruses may exploit
different cellular mechanisms for cytoplasmic trafficking.
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