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Reovirus replication occurs in the cytoplasm of infected cells and culminates in the formation of crystalline
arrays of progeny virions within viral inclusions. Two viral nonstructural proteins, NS and pNS, and struc-
tural protein o3 form protein-RNA complexes early in reovirus infection. To better understand the minimal
requirements of viral inclusion formation, we expressed oNS, nNS, and o3 alone and in combination in the
absence of viral infection. In contrast to its concentration in inclusion structures during reovirus replication,
o NS expressed in cells in the absence of infection is distributed diffusely throughout the cytoplasm and does
not form structures that resemble viral inclusions. Expressed oNS is functional as it complements the defect
in temperature-sensitive, cNS-mutant virus zsE320. In both transfected and infected cells, pNS is found in
punctate cytoplasmic structures and o3 is distributed diffusely in the cytoplasm and the nucleus. The subcel-
lular localization of NS and o3 is not altered when the proteins are expressed together or with oNS. However,
when expressed with uNS, NS colocalizes with uNS to punctate structures similar in morphology to inclusion
structures observed early in viral replication. During reovirus infection, both ¢NS and NS are detectable 4 h
after adsorption and colocalize to punctate structures throughout the viral life cycle. In concordance with these
results, oNS interacts with pNS in a yeast two-hybrid assay and by coimmunoprecipitation analysis. These
data suggest that oNS and pNS are the minimal viral components required to form inclusions, which then

recruit other reovirus proteins and RNA to initiate viral genome replication.

Mammalian reoviruses are members of the family Reoviridae
and contain a genome of 10 segments of double-stranded RNA
(dsRNA). The genome is surrounded by two protein shells
termed the outer capsid and core. Following internalization by
receptor-mediated endocytosis (5, 13, 73, 85) and removal of
the outer capsid in the endocytic compartment (4, 18, 80, 85),
the core is released into the cytoplasm (12, 41, 42, 55, 88). The
core catalyzes all of the biochemical activities necessary to
synthesize and release capped, message-sense, single-stranded
RNA (ssRNA) copies of the 10 dsSRNA gene segments (6, 14,
35, 82). These mRNAs are competent templates for translation
and encode 11 proteins (14, 47, 58, 96, 97). Eight viral proteins
form the virion; the remaining three proteins, ols, oNS, and
NS, are termed nonstructural and are found only in infected
cells (9, 54, 83, 97). The viral mRNAs also serve as templates
for minus-strand synthesis, resulting in nascent genomic
dsRNA (52, 76). This step appears to be concomitant with
assortment of the 10 viral gene segments into particles that are
destined to become progeny virions (1). These particles are
also transcriptionally active (62, 95, 98) and produce the ma-
jority of the viral mRNA and protein during the viral life cycle
(48, 62). Outer-capsid proteins are added to progeny particles,
silencing transcription and completing virion morphogenesis
(3, 8). Late in infection, the majority of the cytoplasm of
infected cells consists of viral inclusions replete with progeny
virions (34).

Little is known about the establishment and expansion of
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viral inclusions. These structures have been studied by using a
variety of microscopic techniques and first appear by phase-
contrast microscopy as dense granules scattered throughout
the cytoplasm. As infection progresses, these granules coalesce
and localize about the nucleus, eventually forming perinuclear
inclusions (34). Viral inclusions contain several types of fila-
ments (78), dsSRNA (81), viral proteins (34), and complete and
incomplete viral particles (34). In contrast to cytoplasmic sites
of replication used by several other viruses, reovirus inclusions
are not thought to be associated with membranes or other
cellular organelles (39, 70). A previous study implicated reo-
virus nonstructural proteins oNS and uNS and structural pro-
tein o3 in early steps of genome replication by showing that
these three proteins are found in the earliest detectable viral
protein-RNA complexes in infected cells (1). These proteins
may form the structures necessary to initiate viral inclusion
formation.

Reovirus inclusions can be observed by confocal immuno-
fluorescence microscopy to coincide with the large arrays of
progeny virions visualized by electron microscopy (7). Immu-
nofluorescence staining indicates that inclusion structures con-
tain both structural and nonstructural proteins, the exact com-
position of which changes with time (7). Large cytoplasmic
complexes of viral proteins also can be observed following
infection of cells with some temperature-sensitive (ts) mutant
viruses (7, 57). Since these infections do not yield viable prog-
eny, these inclusion-like structures are not functional, presum-
ably because of alterations in the activity of the mutant viral
protein. A direct assay to monitor the nature and function of
reovirus inclusions has not been reported.

The oNS protein is encoded by the S3 gene and consists of
366 amino acids with a molecular mass of 41 kDa (58, 63).
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Reovirus oNS isolated from infected cells and expressed in
vitro binds ssRNA nonspecifically and forms higher-order
structures (37, 38, 43, 71). Smaller complexes containing four
(plus or minus two) monomers are present after treatment of
either native (43) or recombinant (37) oNS with RNase A.
Higher-order homo-oligomeric structures are seen when RNA
is present, and these structures are most likely the protein
complexes competent for binding of ssSRNA in a cooperative
manner (38; T.R.P., unpublished observations). During reovi-
rus infection, oNS localizes to viral inclusions and is necessary
for their formation (7).

The NS protein is encoded by the M3 gene and consists of
766 amino acids with a molecular mass of 80 kDa (58, 63). It
associates with viral mRNAs (1) and viral cores but not viri-
ons or disassembly intermediates (15). In immunofluorescence
studies, wWNS colocalizes with cytoskeletal elements in infected
cells (61), and this interaction appears to be mediated by the
w2 protein (16, 66). Cells transfected with wNS-expressing
plasmids form cytoplasmic globular structures that contain
NS (16). uNS mutants have not been reported, and its con-
tribution to functional reovirus inclusion formation has not
been defined.

The o3 protein is encoded by the S4 gene and consists of 365
amino acids with a molecular mass of 41 kDa (58, 63). It is a
component of the viral outer capsid and binds dsSRNA non-
specifically (27, 43, 53, 56, 60, 74). The o3 protein has been
implicated in several processes that occur in infected cells,
including blockade of the interferon-inducible dsSRNA-depen-
dent protein kinase PKR (36, 45) and inhibition of cellular
protein synthesis (75, 79). However, a role for ¢3 in the for-
mation of viral protein-RNA complexes remains unclear.

To probe the steps leading to the formation of reovirus
inclusions, we used confocal immunofluorescence microscopy
to examine the subcellular localization of oNS in the absence
of viral infection. We determined the effects of ectopic oNS
expression on the production of infectious viral progeny and
subcellular localization of viral proteins during infection with
wild-type (wt) and ts mutant reoviruses. We examined the
subcellular localization of the oNS, wNS, and o3 proteins,
individually and in combination, in the presence and absence
of reovirus replication. The results suggest that cNS and pNS
are the minimal components necessary to establish an intra-
cellular site of viral replication and initiate the activities re-
quired to complete the production of progeny virions.

MATERIALS AND METHODS

Cells and viruses. Murine 1929 (L) cells were grown in either suspension
or monolayer cultures in Joklik’s modified Eagle’s minimal essential medium
(Irvine Scientific, Santa Ana, Calif.) that was supplemented to contain 5% fetal
calf serum (Gibco Invitrogen Cell Culture Products, Grand Island, N.Y.), 2 mM
L-glutamine, 100 U of penicillin G/ml, 100 pg of streptomycin/ml, and 250 ng of
amphotericin B/ml (Irvine Scientific). Human embryonic kidney 293T cells and
HeLa cells were maintained in Dulbecco’s modified eagle medium (DMEM;
Gibco) supplemented to contain 10% fetal calf serum (Gibco), 2 mM L-glu-
tamine, 100 U of penicillin G/ml, 100 pg of streptomycin/ml, and 250 ng of
amphotericin B/ml (Irvine Scientific). Spodoptera frugiperda (Sf21) cells were
grown in Grace’s medium (Gibco) supplemented to contain 10% fetal calf serum
(Gibco), 100 U of penicillin G/ml, 100 pg of streptomycin/ml, and 250 ng of
amphotericin B/ml (Irvine Scientific).

Reovirus strains type 1 Lang (T1L) and type 3 Dearing (T3D) are laboratory
stocks. Mutant viruses tsE320 and #sH11.2 were grown from stocks originally
obtained from Bernard Fields (32) and Kevin Coombs (24), respectively. Second-

FORMATION OF REOVIRUS INCLUSIONS 5949

or third-passage L-cell lysate stocks of isolates of each strain plaque purified
twice were used for subsequent studies. Virus titers were determined by plaque
assay with L-cell monolayers as previously described (24).

Plasmids. Genomic dsRNA isolated from T3D virions was used as the tem-
plate for reverse transcriptase PCR amplification of the oNS open reading frame
(ORF) of the S3 gene by using the following primers with 5" Sa/l and 3" Spel
restriction sites (lowercase letters) appended: 5'-gtcgacCACTATGGCTTCCTC
ACTCAGAG-3" and 5’-actagt CATTACACGCGAATCGGAAA-3'. PCR prod-
ucts were ligated into pCRII (Invitrogen Life Technologies, Carlsbad, Calif.),
and nucleotide sequences were determined by fluorescent dideoxy-chain termi-
nation with an ABI Prism 377 DNA Sequencer (Applied Biosystems, Foster City,
Calif.). One nucleotide change from the reported sequence of the S3 gene (71)
was found in several independent cDNA clones, but it did not result in a sub-
stitution in the deduced amino acid sequence of oNS. The S3 cDNA was sub-
cloned into the multiple cloning site of the pTet-Splice vector (Tet-Regulated
Expression System; Gibco) to generate the plasmid S3/pTet, which allows oNS
expression to be regulated by the tetracycline-responsive promoter P,,,. pTet-
tTAk contains the transactivator protein (tTA) under the control of P,,,. LTR-
neo, a plasmid encoding the aminoglycoside O-phosphotransferase gene from
Tn5 (Neo"), was used as a selectable marker.

Yeast two-hybrid cloning vector pPGBKT7 [GAL4(1-147) DNA-BD TRPI Kan"
c-myc epitope tag] was used for bait constructs, and pGADT7 [GAL4(768-881)
DNA-AD LEU2 Amp* influenza virus hemagglutinin (HA) epitope tag] was used
for prey constructs (Clontech, Palo Alto, Calif.). S3/pTet was used as the tem-
plate for PCR amplification of the oNS-encoding sequence containing primer-
templated 5" EcoRI and 3" BamHI restriction endonuclease cleavage sites (5'-
GgaattcACTATGGCTTCCTCACTCAGAGCT-3' and 5'-CGggattcTTACACG
CGAATCGGAAAAACCAGCAG-3") with Pfu DNA polymerase (Promega,
Madison, Wis.). PCR products were digested with EcoRI and BamHI and ligated
into pGBKT?7 to generate pBS3wt. The nucleotide sequence of the insert was
determined, which indicated that it correctly encoded full-length reovirus T3D
oNS for fusion protein expression. The oNS-encoding region from pBS3wt was
transferred to pGADT7 following digestion with EcoRI and BamHI to generate
pPS3wt.

A c¢DNA corresponding to the T3D S4 gene (91) was used as the template for
PCR amplification of the o3-encoding sequence containing primer-templated 5’
EcoRI and 3’ BamHI restriction sites (5'-GgaattcACAATGGAGGTGTGCTT
GCCCAACGGT-3" and 5'-CGggatccTTAGCCAAGAATCATCGGATCGCC
AATCAT-3") with Pfu DNA polymerase (Promega). PCR products were di-
gested with EcoRI and BamHI and ligated into pGBKT?7 to generate pBS4wt.
Confirmation of the nucleotide sequence of this insert indicated that it correctly
encoded full-length reovirus T3D 3 for fusion protein expression. The o3-
encoding region from pBS4wt was transferred to pGADT7 following digestion
with EcoRI and BamHI to generate pPS4wt.

T3D genomic dsRNA was used as the template for reverse transcriptase PCR
amplification of the M3 gene. Nucleotide sequences corresponding to the full-
length reovirus T3D wNS ORF were cloned into pGBKT?7 to create pBM3wt.
The nucleotide sequence of the pNS coding region of pBM3wt differs from the
T3D M3 sequence reported previously (59) at three positions, each resulting in
a substitution in the deduced amino acid sequence of uNS (K180E, A705V, and
G707D). The wNS prey construct was made by first digesting pBM3wt with Ncol
and then filling in the resulting 3’ overhang sequence with the DNA polymerase
I large (Klenow) fragment (New England Biolabs, Beverly, Mass.). Linearized
pBM3wt was digested with BamHI to release the uNS ORF, which was ligated
into Smal-BamHI-digested pGADT7 to generate pPM3wt.

Mammalian expression vectors encoding oNS, o3, and wNS were constructed
for transient transfections. The cNS ORF was transferred from pBS3wt to the
multiple cloning site of pCMV-Script (Stratagene, La Jolla, Calif.) with the
restriction sites EcoRI and Sall to generate pCMVS3wt. Similarly, the 03 ORF
was transferred from pBS4wt to pCMV-Script with the restriction sites EcoRI
and Sall to generate pCMVS4wt. The pNS ORF was excised from pBM3wt by
first digesting pBM3wt with Ncol and then filling in the 5'-to-3" overhang se-
quence with the Klenow fragment (New England Biolabs). Linearized pBM3wt
was digested with Sa/l to release a fragment encoding full-length wNS, which was
ligated to pCMV-Script with EcoRV and Smal sites to create pCMVM3wt.

Stable cell lines. S3/pTet, pTet-tTak, and LTR-neo were linearized and trans-
fected into L cells with Lipofectamine Plus (Gibco) in accordance with the
manufacturer’s instructions. Control cell lines were generated by transfection
with nonrecombinant linearized pTet-splice, pTet-tTak, and LTR-neo. After
3 weeks of selection, cells were cloned by sorting into 96-well plates with a
FACStar Plus (Becton Dickinson, San Jose, Calif.). Cloned cultures were
screened for expression of oNS by confocal immunofluorescence microscopy
after incubation in doxycycline-free medium for 2 days. Three cell lines express-
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ing detectable amounts of oNS (oNS-1, -2, and -3) and two control cell lines
(control-1 and -2) were maintained.

Expression and purification of recombinant oNS. A ¢NS-encoding baculovi-
rus transfer vector, pBacS3wt, was constructed by digestion of pBS3wt with
EcoRI and PstI and ligation of the oNS ORF-containing fragment into these
sites in pBacPAK9 (Clontech). A third-passage stock of oNS-expressing bacu-
lovirus was used to infect 1.5 X 10° Sf21 insect cells at a multiplicity of infection
(MOI) of 10 PFU/cell. After incubation at 25°C for 96 h, cells were washed once
with phosphate-buffered saline (PBS) and incubated on ice in 30 ml of cytoplas-
mic extract buffer (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl,, 0.5 mM
dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride) containing Complete
EDTA-free protease inhibitor cocktail (Roche Applied Science, Indianapolis,
Ind.). After 15 min of incubation, 1.5 ml of 10% Igepal CA-630 (Sigma-Aldrich,
Milwaukee, Wis.) was added and the mixture was vortexed. The resulting sus-
pension was centrifuged at 8,000 X g for 10 min, and the oNS-containing
supernatant was collected. The supernatant was dialyzed against 20 mM Tris-
HCI-50 mM NaCl (pH 8.0), passed through a 0.22-um-pore-size cellulose
acetate filter, and loaded onto a Q Sepharose anion-exchange column (Amer-
sham Pharmacia Biotech, Piscataway, N.J.). The column flowthrough, which
contained oNS, was dialyzed against 20 mM 3-(N-morpholine)propanesulfonic
acid (MOPS)-50 mM NaCl (pH 6.5) and loaded onto a Macro-Prep High S
support cation-exchange column (Bio-Rad, Hercules, Calif.). The ¢NS-contain-
ing flowthrough was concentrated twofold with an Ultrafree-15 centrifugal filter
device (Millipore, Bedford, Mass.) and passed through a 0.22-wm-pore-size
cellulose acetate filter. Pure recombinant oNS was obtained from the filtered
preparation with a Superdex 200 gel filtration column (Amersham Pharmacia).
The oNS protein eluted from the gel filtration column as a large multimer in the
void volume.

Generation of guinea pig antiserum. oNS-specific antiserum was obtained by
inoculating a guinea pig with 50 pg of purified baculovirus-expressed oNS in
incomplete Freund’s adjuvant, followed by 25-ug booster doses at 2, 3, and 7
weeks postinoculation (Cocalico, Reamstown, Pa.). Antiserum was obtained 4
weeks after administration of the last booster.

Antibodies. The immunoglobulin G (IgG) fraction was purified from rabbit
polyclonal oNS-specific (7), rabbit polyclonal wNS-specific (15), and guinea pig
polyclonal oNS-specific antisera by protein A-Sepharose affinity chromatography
(Pierce, Rockford, I11.). Eluted IgG was dialyzed exhaustively against PBS and
then concentrated to 2 mg/ml with a Centricon YM-30 centrifugal filter device
(Millipore). Mouse monoclonal antibodies (MAbs) 4F2 (a3 specific) and 8H6
(r1/p1C specific) (90) were purified from hybridoma supernatants (Cell Culture
Center, Minneapolis, Minn.).

Immunoblotting. Cells from each stably transfected cell line (¢NS-1, -2, and -3
and control-1 and -2) were uninduced or induced to express oNS by removal of
doxycycline for 1, 2, 3, or 4 days. Cells were lysed, sheared, and frozen at —70°C.
Lysates were thawed on ice, and 250 pg of total cellular protein from each
sample was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to nitrocellulose membranes (Trans-Blot
Transfer Medium; Bio-Rad) (72). After incubation overnight with TBS-T
(50 mM Tris [pH 7.5], 150 mM NaCl, 0.5% Tween 20), the blot was probed with
rabbit oNS-specific antiserum at a dilution of 1:1,000, followed by donkey rabbit
IgG-specific antiserum conjugated to horseradish peroxidase as the secondary
antibody. The blot was incubated with peroxidase substrate (ECL; Amersham
Pharmacia Biotech) and exposed to film.

293T cells (10°) were plated on 100-mm-diameter tissue culture dishes over-
night and either adsorbed with T3D at an MOI of 10 PFU/ml or transfected with
pCMVS3wt with calcium phosphate. Infected cells were incubated at 37°C for
18 h, transfected cells were incubated at 37°C for 24 or 36 h, and both groups of
cells were processed for immunoblotting with guinea pig oNS-specific antiserum.

Yeast two-hybrid direct pairwise tests. Budding yeast two-hybrid strain AH109
(Clontech) with the HIS3, ADE2, and MELI reporter genes downstream
of heterologous GAL4-responsive promoter elements was transformed with
pBS3wt, pPS3wt, pPBM3wt, pPM3wt, pBS4wt, and pPS4wt in pairwise combina-
tions with lithium acetate. Cells were plated onto synthetic dropout medium
lacking tryptophan, histidine, leucine, and adenine and supplemented with 5-bro-
mo-4-chloro-3-indolyl-a-p-galactopyranoside (Clontech) to select for interacting
proteins.

In vitro coimmunoprecipitation of protein pairs. In vitro translation of reovi-
rus proteins was performed with the TNT T7 Quick-Coupled Transcription/
Translation System (Promega) in accordance with the manufacturer’s instruc-
tions. Plasmids encoding oNS, uNS, and 3 were used as templates to generate
fusion proteins with N-terminal c-Myc and HA epitope tags in the absence or
presence of [**S]methionine and [**S]cysteine (Easy Tag Express **S Protein
Labeling Mix; Perkin-Elmer Life Sciences, Boston, Mass.). Plasmid pGBKT7-
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LAM (Clontech), which encodes human lamin C with a c-Myc epitope tag
appended, was used as a control. Approximately equal amounts of translated
proteins were mixed in PBS with protease inhibitors and incubated at 4°C for 120
min with gentle agitation. Either mouse anti-c-Myc MADbs or rabbit polyclonal
anti-HA antibodies (Clontech) bound to protein G Sepharose (Amersham Phar-
macia Biotech) were added, and the protein-antibody mixtures were incubated at
4°C for an additional 90 min. Sepharose beads were washed six times with 1%
Triton X-100 in PBS, and proteins were resolved in a 10% polyacrylamide gel.
Alternatively, in vitro translation mixtures were treated with RNase by the
addition of affinity-purified RNase A (Ambion) to a final concentration of 100
pg/ml and incubated at room temperature for 1 h prior to electrophoresis.

Transfections. 293T cells (3 X 10*) were seeded on 12-mm glass coverslips
(VWR Scientific Products, Atlanta, Ga.) approximately 24 h prior to transfec-
tion. For each well of a 24-well plate, a transfection mixture containing 0.3 pg of
each plasmid, 1.6 pl of 2.5 M CaCl,, 14.7 pl of sterile water, and 1.6 pl of 2X
BBS (N,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid [BES]-buffered sa-
line, 50 mM BES [pH 6.95], 280 mM NaCl, 1.5 mM Na,HPO,) was added. After
24 h of incubation, the medium was replaced with fresh, complete DMEM. Cells
were washed and fixed 36 h after transfection.

HeLa cells (3 x 10%) or L cells (5 X 10%) were seeded on 12-mm glass
coverslips 24 h prior to transfection. Cells were transfected with 0.4 pg of each
plasmid with Lipofectamine Plus Reagent (Gibco) diluted in incomplete
DMEM. Cells were washed and fixed 36 h after transfection.

Immunofluorescence staining. 293T cells (3 X 10%), HeLa cells, (3 X 10%), or
L cells (5 X 10*) were seeded on 12-mm glass coverslips for 24 h prior to
infection with reovirus at an MOI of 10 PFU/cell. After adsorption at 4°C for 1 h,
cells were incubated at 32, 37, or 39.5°C for various intervals, washed twice with
PBS, and fixed in 1:1 methanol-acetone. Fixed cells were washed two times in
PBS and incubated for 15 min in PBS containing 2.5% gamma globulin-free
bovine serum albumin (BSA; Sigma Aldrich). Nonspecific binding of antibody
was blocked by incubation of cells for 10 min in PBS containing 1% BSA, 1%
Triton X-100 (Bio-Rad), and 2% normal goat serum (Vector Laboratories, Inc.,
Burlingame, Calif.). Subsequent washes and dilutions were performed with this
buffer unless otherwise indicated. Cells were incubated with the primary antibody
for 1 h at a concentration of 10 pg/ml (MAb 4F2 or 8H6) or 2 ng/ml (IgG
fraction of polyclonal oNS- or wNS-specific antiserum) and washed two times.
The wash solution was replaced with PBS, and cells were incubated at 4°C for 2
to 7 days and washed once with wash solution. Cells were incubated with Alexa
Fluor 488, 546, or 647 goat anti-mouse IgG, Alexa Fluor 488, 546, or 647 goat
anti-rabbit IgG, and Alexa Fluor 488, 546, or 647 goat anti-guinea pig IgG
(Molecular Probes, Inc., Eugene, Oreg.) at a dilution of 1:1,000 for 1 to 1.5 h.
Cells were incubated with the dsDNA-specific dye TO-PRO3 (Molecular
Probes) at a dilution of 1:1,000 if only two primary and secondary antibodies
were used. Cells were washed twice for 15 min each time with PBS-BSA (1%)-
Triton X-100 (1%) and twice for 10 min with PBS. Coverslips were either
immediately mounted or left at 4°C for 1 to 2 days and then mounted on glass
slides with either Aqua Poly/Mount (Polysciences, Inc., Warrington, Pa.) or
ProLong Antifade (Molecular Probes). Cells were visualized with a Zeiss 40X
PanFluor NA1.3 objective on a Zeiss 410 confocal fluorescence microscope (Carl
Zeiss, New York, N.Y.). A differential interference contrast (DIC) image of each
field of view was obtained to determine the location of cells. Coverslips contain-
ing mock-infected or -transfected cells were included in every experiment and
processed in parallel with infected cells. Mock-infected or -transfected cells were
examined first and used to set the background on the confocal microscope to
black before obtaining images of infected or transfected cells. Images were
processed and colored with Adobe Photoshop (Adobe Systems, Inc., San Jose,
Calif.).

RESULTS

The reovirus oNS protein is distributed diffusely in the
cytoplasm when expressed in the absence of viral infection. We
have previously reported that functional oNS protein is re-
quired for the formation of viral inclusions and for efficient
viral growth (7). To determine the subcellular localization of
oNS in the absence of viral infection, L cells were engineered
to express the T3D oNS protein under the control of a tetra-
cycline-repressible promoter. Following stable transfection,
three oNS-expressing cell lines (oNS-1, -2, and -3) and two
control cell lines (control-1 and -2) were established and char-
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FIG. 1. Protein production in stably transfected control and oNS-
expressing cell lines. Whole-cell lysates were obtained from the oNS-
expressing cell line oNS-1 and the control cell line control-1 after
induction of oNS expression by removal of doxycycline for the times
shown. Total cellular protein in each lysate was normalized, resolved
by SDS-PAGE, transferred to nitrocellulose, and examined for the
presence of oNS by immunoblotting. In lane 1, a second-passage (P2)
lysate stock of T3D was included as a source of oNS produced during
viral infection. Lanes 2 through 6 contain lysates generated from
oNS-1 cells uninduced and induced for 1, 2, 3, and 4 days. Lanes 7
through 11 contain lysates generated from control-1 cells uninduced
and induced for 1, 2, 3, and 4 days.

acterized. All three oNS-expressing cell lines produced a small
amount of NS in the presence of doxycycline; however, levels
of NS protein increased over time in the absence of doxycy-
cline (Fig. 1 and data not shown). The three oNS-expressing
cell lines and the two control cell lines were induced by re-
moval of doxycycline and examined by confocal immunofluo-
rescence microscopy (Fig. 2 and data not shown). In oNS-
expressing cells, the protein was found distributed diffusely in
the cytoplasm, in stark contrast to the punctate staining pattern
of oNS seen in reovirus-infected cells (7). Neither of the con-
trol cell lines exhibited any oNS-specific staining. These find-
ings indicate that the subcellular localization of oNS in reovi-
rus-infected cells depends on viral or cellular factors acting in
concert with oNS.

Expressed oNS protein does not disrupt viral replication.
To examine whether the presence of exogenous oNS alters
viral replication, we infected oNS-expressing cells with reovi-
rus strains T1L and T3D. Control-1 and oNS-1 cells were
induced by removal of doxycycline, infected with either T1L or
T3D at an MOI of 10 PFU/cell, and incubated at 37°C for 24 h.
Cells were then imaged with confocal immunofluorescence
microscopy (Fig. 3 and data not shown). oNS-1 cells infected
with either T1L or T3D were indistinguishable from control-1
cells infected with these strains, with the exception that oNS
was not solely localized to viral inclusions in infected oNS-1
cells. In these cells, oNS also was dispersed to various degrees
in the cytoplasm in regions between the inclusions (Fig. 3 and
data not shown). Viral inclusions present in oNS-expressing
cells were indistinguishable from those formed in control cells.
In addition, the subcellular localization of viral outer-capsid
protein p1/w1C, used as a marker for mature inclusions (7),
was not altered by the expression of NS prior to or during the
infectious cycle (Fig. 3 and data not shown).

To determine whether production of infectious progeny vi-
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rus was impaired by the presence of oNS prior to viral adsorp-
tion or by the increased amount of oNS during the course of
viral replication, control-1 and oNS-1 cells were infected with
either T1L or T3D and viral titers were determined by plaque
assay after 24 h of viral growth (Fig. 4). Neither the expression
of oNS prior to infection nor the presence of higher levels of
oNS during the course of infection altered the yield of infec-
tious viral progeny. These data indicate that expression of oNS
during viral infection does not alter the morphology of viral
replication or production of progeny virus.

Expressed oNS protein complements ts mutant virus
tsE320. To determine whether oNS protein expressed in the
stably transfected cell lines is functional, we infected oNS-
expressing cells and control cells with oNS-mutant virus tsE320
(32) at the nonpermissive temperature. The #sE320 virus con-
tains a lesion in the S3 gene (68) that results in a methionine-
to-threonine mutation at amino acid 260 in the oNS protein (7,
92). Control-1 and oNS-1 cells were induced to express oNS by
removal of doxycycline, infected with either tsE320 or tsH11.2
at an MOI of 10 PFU/cell, and incubated at the nonpermissive
temperature of 39.5°C for 24 h. The ts mutant virus tsH11.2
contains a lesion in the p2-encoding M1 gene (21, 24) and was
used in this experiment as a control. Cells were examined by
confocal immunofluorescence microscopy (Fig. 5), and viral
titers were determined by plaque assay (Fig. 4). The oNS-1
cells infected with #E320 at the nonpermissive temperature
were morphologically indistinguishable from those infected

oNS-1

oNS-2

FIG. 2. Subcellular localization of oNS protein in L cells stably
transfected with a T3D S3 cDNA. oNS-1 (A and C) and oNS-2 (B and
D) cells were induced by the removal of doxycycline for 2 days and
then fixed. Cells were stained for oNS with oNS-specific polyclonal
rabbit antiserum as the primary antibody and goat anti-rabbit Alexa
Fluor 488 as the secondary antibody. A DIC image of each field was
obtained (A and B). Images were obtained with a confocal microscope.
The oNS protein is colored green. Images were processed with Adobe
Photoshop. Bars, 25 pm.
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with wt T3D. In both T3D- and #sE320-infected oNS-1 cells,
oNS was observed in viral inclusions and diffusely in the cyto-
plasm (Fig. 5). The n1/n1C protein was clearly detectable in
these cells (Fig. 5). However, in tsE320-infected control-1 cells,
oNS was distributed throughout the cytoplasm, exhibiting a
diffuse, granular staining pattern, and p1/n1C was not detect-
able (data not shown). The staining pattern of oNS and pl/
p1C in control-1 cells infected at the nonpermissive tempera-
ture with #sE320 was identical to that following infection of
untransfected L cells with £sE320 (7). With the exception of the
higher levels of oNS present in oNS-1 cells, the staining pat-
terns of oNS and p1/w1C were similar in oNS-1 and control-1
cells infected with tsH11.2 (data not shown). The oNS and
w1/n1C proteins were present in punctate, cytoplasmic struc-
tures indistinguishable from the staining patterns observed
previously in zsH11.2-infected L cells (7).

The viral titer of tsE320 after growth in control-1 cells was
1.7 X 10° PFU/ml, whereas its titer after growth in oNS-1 cells
was 2.8 X 107 PFU/ml. In contrast, the viral titers of tsH11.2
were low but equivalent after growth in either control-1 or
oNS-1 cells (5.7 X 10° and 7.6 X 10° PFU/ml, respectively)
(Fig. 4). Thus, oNS protein expressed in oNS-1 cells is func-
tional and sufficient to rescue both the morphology of infection
and the production of infectious progeny virus. This effect is
specific, as expressed oNS had no effect on the production of
infectious progeny by #sH11.2 at the nonpermissive tempera-
ture.

Reovirus oNS protein forms punctate structures in cells
coexpressing uNS. To identify viral proteins that act in concert
with oNS to form viral replication structures, we engineered
plasmids to express oNS, uNS, and ¢3 under control of the
cytomegalovirus immediate-early promoter. These viral pro-
teins were previously identified in the earliest detectable pro-
tein-RNA complexes in reovirus-infected cells (1). 293T cells
were transfected with oNS-, uNS-, or ¢3-encoding plasmids
singly (Fig. 6), in pairs (Fig. 7), or all together (data not shown)
and imaged by confocal immunofluorescence microscopy 36 h
after transfection. 293T cells were chosen for these studies
because we routinely obtain transfection efficiencies of approx-
imately 50% with these cells. Similar results were obtained in
experiments with HeLa cells and L cells (data not shown). In
293T cells transfected with a oNS-expressing plasmid, NS was
distributed diffusely in the cytoplasm and did not form discrete
structures (Fig. 6D). This staining pattern is identical to that
observed in studies of the stably transfected oNS-expressing
L-cell lines (Fig. 2). In contrast, in 293T cells transfected with
a wNS-expressing plasmid, the protein localized to punctate

FIG. 3. Subcellular localization of oNS and pl/w1C proteins in
oNS-expressing cells infected with T3D. oNS-1 cells were induced by
the removal of doxycycline for 2 days and infected with T3D at an MOI
of 10 PFU/cell. Following incubation at 37°C for 18 h, cells were
stained for NS with oNS-specific polyclonal guinea pig antiserum and
for n1/p1C with p1/pw1C-specific MAb 8H6. The secondary antibodies
used were goat anti-guinea pig Alexa Fluor 488 and goat anti-mouse
Alexa Fluor 546. Images were obtained with a confocal microscope.
The oNS protein is colored green (B), and the w1/w1C protein is col-
ored red (C). In the merged image (D), colocalization of oNS and .1/
w1C is indicated by the color yellow. A DIC image of each field was ob-
tained (A). Images were processed with Adobe Photoshop. Bars, 25 um.
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FIG. 4. Growth of wt and ts mutant viruses in control and stably
transfected oNS-expressing cells. Monolayer cultures of control-1 and
oNS-1 cells (5 X 10°) were infected with T1L, T3D, tsE320, or tsH11.2
at an MOI of 10 PFU/cell. Cultures infected with T1L and T3D were
incubated at 37°C for 24 h, and cultures infected with #sE320 and
tsH11.2 were incubated at 39.5°C for 24 h. Virus titer was determined
by plaque assay with L cells incubated at 37°C for T1L and T3D and at
32°C for tsE320 and tsH11.2. The results presented are the mean viral
titers of at least six independent wells. Error bars indicate standard
deviations of the means.

structures within the cytoplasm. However, uNS was not pres-
ent exclusively in these structures, as it was also found diffusely
in the cytoplasm to various degrees (Fig. 6E). Neither oNS nor
wNS was found in the nucleus. The o3 protein showed an
altogether different and more variable staining pattern. In
293T cells transfected with a o3-expressing plasmid, the pro-
tein localized to both the cytoplasm and the nucleus and did
not form discrete structures (Fig. 6F). In some cells, 03 was
distributed uniformly throughout the cytoplasm and the nu-
cleus, whereas in others, more o3 was detected in the nucleus
than in the cytoplasm.

We next transfected 293T cells with the oNS-, uNS-, and
o3-encoding plasmids in pairs to determine whether the pres-
ence of two viral proteins altered the staining pattern of either
protein when expressed alone (Fig. 7). In cells transfected with
both oNS- and pNS-encoding plasmids, the oNS protein was
concentrated in punctate structures and colocalized with wNS;
only a small amount of oNS was distributed diffusely in the
cytoplasm (Fig. 7D). The NS protein displayed a staining

FIG. 5. Subcellular localization of oNS and pl/w1C proteins in
oNS-expressing cells infected with tsE320. oNS-1 cells were induced by
the removal of doxycycline for 2 days, infected with tsE320 at an MOI
of 10 PFU/cell, and incubated at 39.5°C for 24 h. Cells were stained for
oNS with oNS-specific polyclonal guinea pig antiserum and for w1/
w1C with p1/pw1C-specific MAb 8H6. The secondary antibodies used
were goat anti-guinea pig Alexa Fluor 488 and goat anti-mouse Alexa
Fluor 546. Images were obtained with a confocal microscope. The NS
protein is colored green (B), and the w1/n1C protein is colored red
(C). In the merged image (D), colocalization of oNS and p1/p1C is
indicated by the color yellow. A DIC image of each field was obtained
(A). Images were processed with Adobe Photoshop. Bars, 25 pwm.
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FIG. 6. Subcellular localization of oNS, wNS, and 03 in 293T cells transfected with plasmids encoding each protein. 293T cells were transfected
with a plasmid encoding oNS (A and D), uNS (B and E), or ¢3 (C and F) and fixed 36 h after transfection. Cells were stained for NS with
oNS-specific polyclonal guinea pig antiserum, for wNS with wNS-specific polyclonal rabbit antiserum, and for ¢3 with o3-specific MAb 4F2. The
secondary antibodies used were goat anti-guinea pig Alexa Fluor 488, goat anti-rabbit Alexa Fluor 488, goat anti-mouse Alexa Fluor 488, and
dsDNA-specific dye TO-PRO3. Images were obtained with a confocal microscope. The oNS protein is colored green (D), the uNS protein is
colored red (E), the o3 protein is colored red (F), and nuclei are colored blue (A to F). A DIC image of each field was obtained (A, B, and C).
Images were processed with Adobe Photoshop. Bars, 25 um.

pattern similar to that seen in cells transfected with wNS alone;
the protein was found mostly in punctate structures, with a
small amount of protein present in the cytoplasm (Fig. 7G). In
cells transfected with oNS- and o3-encoding plasmids, both
proteins exhibited staining patterns indistinguishable from
those seen when each protein was expressed alone (Fig. 7E and
H). A similar pattern was seen in cells transfected with pNS-
and o3-encoding plasmids. The presence of uNS together with
03 did not change the subcellular localization of either protein
in comparison to the distribution of each when expressed alone
(Fig. 7F and I). These findings indicate that the presence of
NS alters the subcellular localization of oNS to closely re-

semble the staining pattern of ¢NS in reovirus-infected cells
().

To determine whether the subcellular localization of oNS,
NS, and o3 was altered by simultaneous expression of each
protein, 293T cells were transfected with all three plasmids and
imaged by confocal immunofluorescence microscopy (data not
shown). The oNS protein was observed in punctate structures
within the cytoplasm and colocalized with wNS in these struc-
tures. The o3 protein was present in both the cytoplasm and
the nucleus, with the majority of cells showing higher levels of
03 in the nucleus. The oNS and puNS proteins showed only
limited colocalization with o3 (data not shown). These results

FIG. 7. Subcellular localization of oNS, wNS, and o3 in 293T cells transfected with plasmids encoding each protein in pairs. 293T cells were
transfected with plasmids encoding oNS and wNS (A, D, G, and J), oNS and o3 (B, E, H, and K), or uNS and o3 (C, F, I, and L) and fixed 36 h
after transfection. Cells were stained for oNS with oNS-specific polyclonal guinea pig antiserum, for uNS with wNS-specific polyclonal rabbit
antiserum, and for o3 with a3-specific MAb 4F2. The secondary antibodies used were goat anti-guinea pig Alexa Fluor 488 and goat anti-rabbit
Alexa Fluor 546, goat anti-guinea pig Alexa Fluor 546 and goat anti-mouse Alexa Fluor 488, goat anti-rabbit Alexa Fluor 488 and goat anti-mouse
Alexa Fluor 546, and dsDNA-specific dye TO-PRO3. Images were obtained with a confocal microscope. The oNS protein is colored green (D, E),
the wNS protein is colored green (F) or red (G), the o3 protein is colored red (H and I), and nuclei are colored blue (A to C and J to L). In the
merged images, colocalization of NS and wNS (J), oNS and ¢3 (K), or uNS and ¢3 (L) is indicated by the color yellow. A DIC image of each
field was obtained (A through C). Images were processed with Adobe Photoshop. Bars, 25 um.
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FIG. 8. Comparison of oNS levels in infected and transfected cells.
293T cells were either infected with T3D at an MOI of 10 PFU/cell or
transfected with a oNS-encoding plasmid and maintained at 37°C.
Infected cells were harvested 18 h postadsorption, and transfected cells
were harvested at 24 and 36 h posttransfection. Cells were lysed,
sheared, diluted in 10-fold increments in lysis buffer, and resolved by
SDS-PAGE. Undiluted samples were normalized for protein concen-
tration prior to dilution. Proteins were transferred to nitrocellulose
and probed with guinea pig oNS-specific antiserum. Protein molecular
mass standards (in kilodaltons) are shown on the right. Lanes: 1,
infected and undiluted; 2, infected and diluted 1:10; 3, infected and
diluted 1:100; 4, infected and diluted 1:1,000; 5, infected and diluted
1:10,000; 6, transfected for 24 h and undiluted; 7, transfected for 24 h
and diluted 1:10; 8, transfected for 36 h and undiluted; 9, transfected
for 36 h and diluted 1:10.

-30

confirm that uNS is capable of altering the subcellular local-
ization of ¢NS, whereas the subcellular localization of o3 is not
altered by coexpression of NS, uNS, or both proteins.

To ensure that the subcellular localization of oNS, wNS, and
03 in the absence of viral infection was not attributable to
overexpression of viral proteins during transient transfection,
293T cells were infected with T3D at an MOI of 10 PFU/cell or
transfected with a plasmid encoding oNS. Infected cells were
lysed at 18 h postinfection, and transfected cells were lysed at
24 and 36 h posttransfection. These times coincide with those
used in the cell imaging experiments. Cell lysates were serially
diluted in 10-fold increments, resolved by SDS-PAGE, trans-
ferred to nitrocellulose, and immunoblotted with a oNS-spe-
cific antiserum (Fig. 8). The results indicate that levels of NS
following T3D infection are 100- to 1,000-fold greater than
those observed after transient transfection. Thus, substantially
more oNS is produced during infection than after transfection,
providing confidence that the results of transient transfection
are not due to overexpression of viral proteins.

Reovirus oNS and pNS proteins interact in yeast two-hy-
brid and coimmunoprecipitation analyses. The observation
that the subcellular localization of oNS is altered in cells ex-
pressing wNS suggests that these proteins directly interact. To
test this hypothesis, we generated yeast two-hybrid bait and
prey expression vectors for oNS, wNS, and 3. Transformation
of auxotrophic yeast strain AH109 with these expression vec-
tors in pairwise combinations resulted in reporter gene activa-
tion only when the oNS and uNS fusion proteins were ex-
pressed together (Fig. 9). Transformation of yeast with the o3
fusion protein in combination with either the oNS or the pNS
fusion protein did not result in reporter gene activation (Fig.
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9). Thus, oNS and NS are capable of interacting when ex-
pressed as fusion proteins in yeast, and these interactions ap-
pear to be specific.

To provide further evidence that the NS and wNS proteins
physically interact, we generated epitope-tagged fusion pro-
teins for use in coimmunoprecipitation experiments. Plasmids
were engineered to express the oNS, uNS, and o3 proteins
with either a c-Myc or an HA epitope tag. Proteins were
expressed by in vitro transcription and translation in either the
presence or the absence of radiolabeled cysteine and methio-
nine, incubated in different combinations, immunoprecipitated
with epitope-specific antibodies, and then subjected to SDS-
PAGE. Immunoprecipitation of c-Myc—uNS by anti-c-Myc
antibody resulted in coimmunoprecipitation of radiolabeled
HA-oNS (Fig. 10, lane 3). Similarly, immunoprecipitation of
c-Myc-oNS by anti-c-Myc antibody resulted in coimmunopre-
cipitation of radiolabeled HA-uNS (Fig. 10, lane 5). Immuno-
precipitation of control protein c-Myc-lamin C did not result
in coimmunoprecipitation of either HA-oNS or HA-uNS (Fig.
10, lanes 1 and 4, respectively). Immunoprecipitation of
c-Myc—oNS by anti-c-Myc antibody resulted in coimmunopre-
cipitation of radiolabeled HA-oNS (Fig. 10, lane 2), consistent
with previous observations (37). Similarly, immunoprecipita-
tion of c-Myc—uNS by anti-c-Myc antibody resulted in coim-
munoprecipitation of radiolabeled HA-uNS (Fig. 10, lane 6),
consistent with previous observations (15). Treatment of the in
vitro transcription and translation reactions with RNase A
prior to electrophoresis did not alter the capacity of cNS and
NS to coimmunoprecipitate (data not shown). These findings
indicate that the oNS and NS proteins are capable of both
homologous and heterologous interactions in the absence of
other proteins or RNA.

B-oNS
P-o03

B-63 B-03
P-oNS P-uNS

FIG. 9. Reovirus oNS and uNS proteins interact in direct yeast
two-hybrid tests. Reovirus oNS-, pNS-, and o3-encoding bait (B) and
prey (P) plasmids were used to transform yeast strain AH109 in pair-
wise combinations. Transformants expressing both bait and prey plas-
mids were selected by growth on medium lacking tryptophan and
leucine. Protein interactions were evaluated by growth on medium
lacking tryptophan, leucine, adenine, and histidine. Rescue of growth
on selective medium was achieved by coexpression of oNS and wNS.
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FIG. 10. Coimmunoprecipitation of reovirus ¢NS and pNS pro-
teins. Radiolabeled HA-oNS or HA-uNS was incubated in pairwise
combinations with unlabeled c-Myc—lamin C, c-Myc—oNS, or c-Myc—
wNS. Anti-c-Myc antibody was used for immunoprecipitation, and
binding was analyzed by SDS-PAGE and autoradiography. Lanes: 1,
c-Myc-lamin C and HA-oNS; 2, c-Myc-oNS and HA-oNS; 3, c-Myc—
NS and HA-oNS; 4, c-Myc-lamin C and HA-pNS; 5, c-Myc—oNS and
HA-pNS; 6, c-Myc—puNS and HA-NS.

Nonstructural proteins oNS and pNS form structures in
reovirus-infected cells that morphologically resemble early vi-
ral inclusions. To determine whether ¢NS and NS interact
during a productive reovirus infection, cells were infected with
T3D and imaged by confocal immunofluorescence microscopy
at 2-h intervals with antibodies specific for oNS, wNS, and o3
(Fig. 11). Each of these proteins was detectable by 4 h postin-
fection. The oNS and puNS proteins colocalized in punctate
structures throughout the cytoplasm. At early times of infec-
tion, the inclusion structures were numerous and small, but as
infection progressed, these structures decreased in number and
increased in size. The oNS protein was found exclusively in
these structures, whereas wNS also was observed elsewhere in
the cytoplasm. In contrast, 03 was distributed both diffusely
and in punctate structures early in infection, but it did not
colocalize with either oNS or uNS. Between 10 and 12 h
postinfection, 03 was detectable in the nucleus and also was
found in several of the larger inclusion structures along with
oNS and uNS. By 18 h postinfection, at which time infectious
viral progeny can be detected (28, 91; data not shown), most of
the oNS and pNS protein was observed in large viral inclu-
sions. The o3 protein also was present in these structures, as
well as in the cytoplasm and the nuclei of infected cells. The
oNS and NS proteins were often found at the periphery of
the inclusions at these late time points (Fig. 11H1 and H2,
arrowheads), consistent with the observation that mature in-
clusions are replete with progeny virions, which do not contain
nonstructural proteins (7). At these late time points, the o3
protein continued to stain the interior of the inclusions (Fig.
11H3, arrows), commensurate with its role as a structural com-
ponent of the viral outer capsid. These data indicate that both
oNS and NS are present in the earliest detectable viral struc-
tures in reovirus-infected cells. These results, together with the
analysis of the subcellular localization of the oNS and wNS
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proteins following transient transfection, suggest that oNS and
NS initiate the formation of viral inclusions during reovirus
infection.

DISCUSSION

Little is known about the steps leading to the formation of
inclusion structures in which reovirus replication and morpho-
genesis take place in infected cells. We previously demon-
strated that these structures form only when functional oNS is
present (7). To further examine the role of oNS in early steps
of viral inclusion formation, we sought to determine the sub-
cellular localization of NS when it is expressed in cells in the
absence of viral infection. In these cells, oNS is distributed
diffusely throughout the cytoplasm and does not form inclu-
sion-like structures. Expressed oNS rescues infection by oNS-
mutant virus tsE320 at the nonpermissive temperature but
does not alter infection with wt reovirus. Only when oNS is
expressed with pNS does oNS localize to punctate structures
in the cytoplasm that resemble viral inclusions seen during
reovirus infection. Nonstructural proteins oNS and NS di-
rectly interact, leading to the hypothesis that the capacity of
pNS to redirect the subcellular localization of oNS is mediated
by protein-protein interactions.

Early studies of reovirus-infected cells by electron micros-
copy described crystalline arrays of progeny virions termed
viral inclusions (26, 34, 39, 70, 78, 84). Reovirus-infected cells
examined by phase-contrast and immunofluorescence micros-
copy exhibit large phase-dense and viral protein-containing
structures, respectively, that correspond to the viral inclusions
seen by electron microscopy (7, 34, 70, 78). Immunofluores-
cence microscopy has become a valuable tool with which to
probe early steps in the formation of viral inclusions. This
technique facilitates the identification of specific viral proteins
in inclusion structures. Functional viral inclusions lead to the
production of infectious progeny, and thus, inclusion function
can only be tested indirectly by assays of viral infectivity. A
method by which to directly determine whether a viral inclu-
sion structure is replication competent has not been devel-
oped. Therefore, we used both techniques in this study.

Expressed oNS is diffuse in the cytoplasm. In both stably
and transiently transfected cells, expressed oNS is distributed
diffusely throughout the cytoplasm. Therefore, oNS is neces-
sary for the formation of functional viral inclusions, but it is not
capable of establishing inclusions in the absence of other viral
proteins. Interestingly, lesions in the cNS and p.2 proteins in ts
mutant viruses tsE320 and tsH11.2, respectively, lead to altered
subcellular localization of the mutant protein at the nonper-
missive temperature, indicating a link between the function
and localization of these proteins (7). Many cellular proteins
are functional only when localized to a particular site within
the cell, and the movement of these proteins to the appropriate
intracellular site can serve to regulate protein function. Our
data support the idea that reovirus proteins involved in repli-
cation are active only within functional centers characterized
by a particular location and protein composition. The function
of NS appears to be regulated by its subcellular localization in
that oNS expressed alone exhibits a subcellular localization
markedly different from that following viral infection.

Both #sE320 and tsH11.2 are classified as dsSRNA-negative



5958 BECKER ET AL.

viruses, and neither produces dsRNA or inclusions of viral
progeny at the nonpermissive temperature (7, 21, 24, 25, 32).
These viruses differ in that tsH11.2 generates ssRNA ap-
proaching wt levels early in infection (21), whereas tsE320
produces less ssSRNA (25). Previous reports indicate that the
two viruses generate similar amounts of viral protein (21, 22,
33); however, confocal imaging data indicate that tsE320 pro-
duces less protein than tsH11.2 (7; data not shown), which is
consistent with the levels of ssRNA produced by each virus (21,
25) Cells infected with tsH11.2 at the nonpermissive tempera-
ture produce structures resembling viral inclusions, but prog-
eny virions are not detected (7). In contrast, tsE320-infected
cells do not produce inclusion structures detectable by either
confocal or electron microscopy (7). These findings suggest
that, in addition to a role in inclusion formation, cNS may be
involved in viral mRNA or protein synthesis.

Expressed o NS rescues #sE320 infection but does not alter
infection with wt reovirus. It was previously thought that the
mutant form of oNS produced in tsE320-infected cells does not
act as a dominant-negative inhibitor since coinfection with
other ts mutants or wt reovirus is able to rescue the defect in
oNS (46). Our data support this hypothesis by demonstrating
that expressed oNS is capable of complementing the mutation
specifically in tsE320 without altering the growth of tsH11.2 or
wt reovirus. These results parallel those reported previously
indicating that £sH11.2 can be complemented by expression of
wt p2 protein (94). Expressed oNS is sufficient to form punc-
tate structures in tsE320-infected cells and restore viral titers to
wt levels, indicating that the protein is functional in both its
subcellular localization and its role in viral replication. Our
data also indicate that the presence of expressed oNS prior to
infection with wt reovirus, as well as higher levels of oNS
during infection, does not alter yields of viral progeny. There-
fore, the correlation between the capacity of oNS to function
in viral replication and its subcellular localization strengthens
the hypothesis that oNS is spatially regulated and functions
only when properly localized through interactions with viral
proteins or RNA.

Expression of uNS is sufficient to redirect the subcellular
localization of oNS. The staining patterns seen in cells trans-
fected with oNS, uNS, and o3 are distinct. The subcellular
localization of NS in transfected cells is similar to that ob-
served in T3D-infected cells. The wNS protein forms cytoplas-
mic punctate structures in both settings, as reported previously
(16). In transfected cells, more o3 is present in the nucleus, but
it is also found in the cytoplasm. The overall pattern of o3
distribution is the same in reovirus-infected cells; however, o3
is present at higher levels in the cytoplasm during infection.
These findings are similar to those of a previous study (93).
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The staining pattern of NS is distinctly different in transfected
cells and infected cells, diffuse within the cytoplasm or concen-
trated in punctate structures, respectively. By expressing these
proteins in pairwise combinations, we found that only when
NS is expressed with oNS does the staining pattern change:
expression of NS mediates a striking redistribution of oNS to
punctate structures.

Since oNS and NS are viral nonstructural proteins that
associate with sSRNA and have been found at sites of viral
replication or in complex with viral replication intermediates
(1, 43, 61, 62, 66, 78), it is likely that both are involved in the
earliest steps of reovirus genome replication. It is possible that
either or both proteins (i) participate in the formation of viral
inclusions, (ii) recruit or transport viral mRNA or proteins to
inclusion structures, or (iii) enhance viral translation. Since it
has been hypothesized that assortment and perhaps packaging
of the reovirus genome occur prior to dsRNA synthesis (1), it
is also possible that oNS or wNS acts to chaperone viral
mRNA in these critical steps, perhaps within inclusions.

Reovirus strains exhibit differences in viral inclusion mor-
phology (16, 57, 66). Strain T1L forms filamentous inclusions,
whereas T3D forms punctate or globular inclusions. This dif-
ference in inclusion morphology segregates with the M1 gene
(66), which encodes viral structural protein n2, a component of
the viral core (23). The T1L p2 protein associates with micro-
tubules, but T3D w2 does not (16, 66). These findings suggest
that wNS, perhaps in concert with p2, selects intracellular sites
for viral inclusion formation and may form the scaffolding on
which inclusions are built (16, 66). Since the subcellular local-
ization of oNS is altered in the presence of NS, it is most
likely that oNS functions subsequent to pNS localization in
infected cells. Studies of #sE320 indicate that at least one func-
tion of oNS is executed prior to dsSRNA synthesis (32); how-
ever, it is possible that oNS and wNS have additional roles
during virion morphogenesis (15).

Nonstructural proteins NS and NS directly interact. We
found that oNS and pNS directly interact by using both yeast
two-hybrid assays and coimmunoprecipitation studies. These
experiments also indicate that each protein is capable of self-
association, consistent with previous reports (37, 38, 43, 59,
71), and concur with a previous study indicating that uNS can
be immunoprecipitated with oNS-specific MAbs (51). Because
of differences in NS localization in the presence and absence
of wNS, the direct protein-protein interaction between oNS
and NS is likely to be a critical early step in the establishment
of an intracellular site for viral genome replication and virion
morphogenesis. Our biochemical data also correlate with the
staining patterns seen in reovirus-infected cells, in which oNS
and uNS colocalize in punctate structures soon after virus

FIG. 11. Subcellular localization of oNS, uNS, and o3 proteins in L cells at different times postinfection with T3D. L cells were infected with
T3D at an MOI of 10 PFU/cell and incubated at 37°C for the times shown. Cells were stained for NS with oNS-specific polyclonal guinea pig
antiserum, for pNS with wNS-specific polyclonal rabbit antiserum, and for o3 with o3-specific MAb 4F2. The secondary antibodies used were goat
anti-guinea pig Alexa Fluor 546, goat anti-rabbit Alexa Fluor 488, and goat anti-mouse Alexa Fluor 647. Images were obtained with a confocal
microscope. The oNS protein is colored green (Al to H1), the wNS protein is colored red (A2 to H2), and the o3 protein is colored blue (A3 to
H3). In the merged images, colocalization of NS and wNS is indicated by the color yellow (A4 to H4), colocalization of oNS and o3 is indicated
by the color blue-green (AS to HS), and colocalization of wNS and o3 is indicated by the color purple (A6 to H6). Arrowheads indicate the
presence of oNS (H1) and pNS (H2) at the periphery of mature viral inclusions; arrows (H3) indicate the presence of ¢3 in the interior of mature
viral inclusions. Images were processed with Adobe Photoshop. Bars, 10 pm.
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FIG. 11—Continued.
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adsorption and are maintained in these structures throughout
the infectious cycle. The o3 protein does not colocalize with
oNS and NS until later in infection, perhaps as outer capsid
proteins are assembled onto viral cores to form mature viral
progeny. While interactions of ¢3 with ¢NS or uNS during
viral replication cannot be excluded by our studies, it is inter-
esting that pairwise yeast two-hybrid tests do not demonstrate
interactions between o3 and either oNS or uNS.

Comparison to other members of the family Reoviridae.
Mammalian reoviruses make up one genus of the family Reo-
viridae and have a number of features in common with other
viruses in this family. Rotavirus, another genus of the family
Reoviridae, encodes a nonstructural protein, NSP2, with prop-
erties similar to those of oNS. NSP2 is a highly conserved basic
protein with a molecular mass of 35 kDa. NSP2 also forms
higher-order homo-oligomers (77), binds ssRNA nonspecifi-
cally (50), and accumulates in inclusions (67, 86). Like oNS,
NSP2 has helix-destabilizing activity not dependent on Mg>"
or a nucleoside triphosphate (NTP) energy source (38, 87).
However, NSP2 has several properties that have not been
attributed to oNS, including an Mg?*-dependent NTPase and
related autokinase activity (86). NSP2 also associates with the
rotavirus RNA-dependent RNA polymerase (20, 49) and par-
tially replicated RNA (2). Therefore, NSP2 has been impli-
cated in early steps of rotavirus replication, including mRNA
packaging or minus-strand synthesis. A ts rotavirus with a le-
sion in the NSP2-encoding gene does not synthesize the viral
genome at the nonpermissive temperature, but it does produce
empty particles (19, 69). These findings are in contrast to the
absence of particles following infection with cNS-mutant virus
tsE320 (7), suggesting that the functions of NSP2 and oNS
differ in important respects. Interestingly, NSP2 expressed in
cells is diffuse, but when expressed with another rotavirus non-
structural protein, NSP5, it colocalizes with NSP5 in punctate
structures (31).

Bluetongue virus (BTV), the prototype member of the Or-
bivirus genus of the family Reoviridae, encodes NS2, a protein
that is most likely a NS homolog. NS2 has a molecular mass
of 41 kDa, binds ssRNA in a nonspecific manner, exists as a
homo-oligomer (89), and accumulates in viral inclusion bodies
(17, 30). However, NS2 is functionally more similar to rotavirus
NSP2 than reovirus oNS in that NS2 has the capacity to hy-
drolyze NTPs and can undergo phosphorylation (29), proper-
ties also exhibited by NSP2 (44, 87).

Although reovirus oNS, rotavirus NSP2, and BTV NS2 are
similar in several respects, NSP2 and NS2 mediate enzymatic
functions not attributable to oNS, such as NTP hydrolysis and
kinase activity (38). However, it seems likely that these mem-
bers of the family Reoviridae all require the biochemical activ-
ities attributed to NSP2 and NS2, but these necessary functions
may be accomplished by other proteins in the mammalian
reoviruses. For example, reovirus p2 has NTPase activity and
is hypothesized to be a component of the polymerase complex
(65). Also, structural protein A1 has NTPase and helicase ac-
tivities (10, 11, 40, 64). The pNS protein has no obvious ho-
mologs in other members of the family Reoviridae, which raises
the possibility that it may serve a functional role analogous to
that of rotavirus NSP2 or BTV NS2.

Results presented in this report indicate that oNS and uNS
interact to facilitate early steps in reovirus genome replication
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that are dependent on the proper subcellular localization of
these proteins. Once these nascent replication structures are
established, subsequent steps in RNA synthesis and virion
morphogenesis can occur, perhaps through the recruitment of
viral mRNA, proteins, or cellular components. Our ongoing
work will focus on mechanisms by which these viral proteins
facilitate the establishment and maturation of viral inclusions
that culminate in the formation of progeny virions.
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