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Mammalian reoviruses are nonenveloped particles containing a genome of 10 double-stranded RNA
(dsRNA) gene segments. Reovirus replication occurs within viral inclusions, which are specialized nonmem-
branous cytoplasmic organelles formed by viral nonstructural and structural proteins. Although these struc-
tures serve as sites for several major events in the reovirus life cycle, including dsRNA synthesis, gene segment
assortment, and genome encapsidation, biochemical mechanisms of virion morphogenesis within inclusions
have not been elucidated because much remains unknown about inclusion anatomy and functional organiza-
tion. To better understand how inclusions support viral replication, we have used RNA interference (RNAi) and
reverse genetics to define functional domains in two inclusion-associated proteins, �NS and �2, which are
interacting partners essential for inclusion development and viral replication. Removal of �NS N-terminal
sequences required for association with �2 or another �NS-binding protein, �NS, prevented the capacity of
�NS to support viral replication without affecting inclusion formation, indicating that �NS-�2 and �NS-�NS
interactions are necessary for inclusion function but not establishment. In contrast, introduction of changes
into the �NS C-terminal region, including sequences that form a putative oligomerization domain, precluded
inclusion formation as well as viral replication. Mutational analysis of �2 revealed a critical dependence of
viral replication on an intact nucleotide/RNA triphosphatase domain and an N-terminal cluster of basic amino
acid residues conforming to a nuclear localization motif. Another domain in �2 governs the capacity of viral
inclusions to affiliate with microtubules and thereby modulates inclusion morphology, either globular or
filamentous. However, viral variants altered in inclusion morphology displayed equivalent replication effi-
ciency. These studies reveal a modular functional organization of inclusion proteins �NS and �2, define the
importance of specific amino acid sequences and motifs in these proteins for viral replication, and demonstrate
the utility of complementary RNAi-based and reverse genetic approaches for studies of reovirus replication
proteins.

Mammalian reoviruses are the type species of the genus
Orthoreovirus, within the Reoviridae family, which includes im-
portant human and veterinary pathogens, such as rotavirus and
bluetongue virus, respectively. Reoviruses serve as highly trac-
table experimental models for studies of viral replication and
pathogenesis (51). Reovirus virions are nonenveloped, double-
shelled particles that display icosahedral symmetry and contain
10 segments of double-stranded RNA (dsRNA). Following
internalization of virions by receptor-mediated endocytosis,
the viral outer capsid undergoes acid-dependent proteolysis
within endosomes to generate core particles containing all
components of the viral transcriptional machinery (3, 18, 58).
Transcriptionally active core particles released into the cyto-
plasm synthesize full-length, message-sense, single-stranded
RNAs (ssRNAs) corresponding to each viral gene segment (4,
14). These ssRNAs are competent for translation and serve as
templates for minus-strand synthesis to generate nascent

genomic dsRNA (33, 52, 53). Synthesis of the complementary
strand appears to be concomitant with assortment of the 10
genome segments into progeny particles (1). The viral replica-
tion cycle is completed by condensation of outer capsid pro-
teins onto newly formed dsRNA-containing particles, produc-
ing fully assembled infectious progeny (70).

Reovirus replication and assembly are thought to occur
within viral inclusions that form in the cytoplasm of infected
cells (19). Viral inclusions contain dsRNA (56), viral proteins
(19), and both complete and incomplete virion particles (19).
The viral nonstructural proteins �NS and �NS and minor core
protein �2 are collectively required for the genesis and matu-
ration of viral inclusions in reovirus-infected cells (2, 28). Ex-
pression of these proteins from cloned cDNAs in the absence
of infection results in spontaneous assembly of intracytoplas-
mic structures exhibiting inclusion morphology (6, 39). Virus-
like inclusions recruit constituent proteins of the viral core
(10), indicating that viral inclusion-forming proteins create an
organizing center for the ultimate development of a functional
replication matrix. However, the precise role of viral inclusions
in the reovirus replication pathway, including dsRNA synthe-
sis, gene segment assortment, genome packaging, and virion
assembly, is poorly understood, owing largely to limited mech-
anistic insight into the individual and corporate functions of
inclusion-forming proteins.

The �80-kDa �NS protein, encoded by the M3 genome

* Corresponding author. Mailing address: Lamb Center for Pediat-
ric Research, D7235 MCN, Vanderbilt University School of Medicine,
Nashville, TN 37232. Phone: (615) 343-9943. Fax: (615) 343-9723.
E-mail for J. Chappell: jim.chappell@vanderbilt.edu. E-mail for T.
Dermody: terry.dermody@vanderbilt.edu.

† Present address: Laboratory of Primate Model, Experimental Re-
search Center for Infectious Diseases, Institute for Virus Research,
Kyoto University, Sakyo-ku, Kyoto 606-8507, Japan.

� Published ahead of print on 28 January 2009.

2892



segment, is 721 amino acid residues in length (38, 41). The
�NS protein associates with viral mRNA (1), core protein �2
(12), and nonstructural protein �NS (6, 39). Transiently ex-
pressed �NS, in the absence of other viral proteins, forms
inclusion-like structures that are similar in appearance and
localization to the globular inclusions observed in cells infected
with prototype strain type 3 Dearing (T3D) (12). In addition,
�NS associates with intact viral cores and recruits core pro-
teins �1, �2, �3, and �2 into viral inclusion-like structures in
transient-transfection assays (10, 12). Interactions of �NS with
cores prevent assembly of the virion outer capsid and prolong
transcription (11), which may benefit viral replication at earlier
stages of infection by maximizing RNA and protein produc-
tion. Thus, �NS protein plays a fundamental role in viral in-
clusion formation and provides a protected environment in
which RNA replication, assortment, and packaging converge in
particle assembly.

A truncated isoform of �NS naturally produced during reo-
virus infection, known as �NSC (32), lacks the 40 N-terminal
residues and has been proposed to result from initiation of
translation at an alternative in-frame AUG codon in M3
mRNA (64). The N-terminal 40 residues of �NS contain in-
teracting domains for �2 and �NS (12, 39), neither of which
associates with �NSC (12, 39). Using RNA interference
(RNAi)-based trans-complementation approaches, �NSC was
found to be incapable of supporting viral growth in �NS-
silenced cells (2, 28), pointing to the significance of interac-
tions between �NS, �2, and �NS for viral replication. How-
ever, the concerted activities of �NS and other replication
proteins within inclusions have not been defined in structural
or functional terms.

The approximately 83-kDa �2 protein, encoded by the M1
genome segment, is 736 amino acid residues in length and
forms a structurally minor component of the reovirus core (17,
38, 41). The �2 protein binds ssRNA and dsRNA (8) and
demonstrates both nucleoside triphosphatase (NTPase) and
RNA 5�-triphosphatase (RTPase) activities (26). Reassortant
studies suggest that �2 determines viral strain differences in
transcriptional efficiencies of core particles (66). Phenotypes
associated with a temperature-sensitive lesion in �2 indicate
that it also participates in RNA replication and particle assem-
bly (16).

The �2 protein binds to cellular microtubules and deter-
mines virus strain-specific differences in inclusion morphology,
either globular or filamentous, in infected cells (45, 67). Se-
quence analysis of M1 segments belonging to independent viral
isolates has revealed a correlation between inclusion morphol-
ogy and a single amino acid polymorphism at position 208 (45).
Virus strains that produce filamentous inclusions, such as pro-
totype strains type 1 Lang (T1L) and type 2 Jones (T2J),
contain Pro208, whereas strain T3D, which produces globular
inclusions, contains Ser208 (45, 67). Inclusion-like structures
arising from coexpression of plasmid-encoded �NS and �2 in
the absence of viral infection adopt a morphology predicted by
the amino acid residue at position 208, independent of the �2
strain origin (45). The presence of Pro at position 208 in �2 is
genetically linked to more efficient �2-microtubule association
and increased microtubule stabilization in reovirus-infected
cells (45). In contrast, the �2 proteins of strains encoding a Ser
at position 208 are more prone to temperature-dependent mis-

folding that correlates with reduced efficiency of microtubule
binding (39). Taken together, these findings indicate that
amino acid position 208 of �2 determines inclusion morphol-
ogy by influencing its capacity to assume a conformation com-
mensurate with microtubule binding and stabilization.

In studies reported here, we extended application of RNAi-
based replication complementation and plasmid-based reverse
genetics to define sequences and functional domains in �NS
and �2 proteins involved in viral replication. Our findings
demonstrate the importance of extreme amino-terminal se-
quences in �NS that interact with �2 and �NS proteins and
sequences in the C-terminal one-half of �NS that mediate
inclusion formation. Furthermore, these studies reveal the sig-
nificance of �2 sequences that specify or predict NTPase and
RTPase activities, constitute a predicted nuclear localization
motif, and determine inclusion morphology. An understanding
of �NS and �2 structure-function relationships gained through
these studies will provide new insights into the genesis of viral
inclusions and their role in reovirus replication.

MATERIALS AND METHODS

Cells, viruses, and antibodies. Murine L929 (L) cells were grown in Joklik’s
modified Eagle’s minimal essential medium (Irvine Scientific, Santa Ana, CA)
supplemented to contain 5% fetal calf serum (Gibco-BRL, Gaithersburg, MD),
2 mM L-glutamine, 100 U of penicillin G/ml, 100 �g of streptomycin/ml, and 0.25
�g of amphotericin B/ml (Gibco-BRL). Human embryonic kidney 293T cells
stably expressing reovirus-specific short hairpin RNAs (shRNAs) were main-
tained as described previously (28).

Reovirus prototype strains T1L and T3D are laboratory stocks. Recombinant
strain (rs) T3D is a stock rescued by plasmid-based reverse genetics from cloned
T3D cDNAs (27). Viral titers were determined by plaque assay using L-cell
monolayers (60). Attenuated vaccinia virus strain rDIs-T7pol expressing T7
RNA polymerase was propagated in chicken embryo fibroblasts (25).

The �1/�1C-specific monoclonal antibody 8H6 (61) and antisera to �NS (28)
and �2 (68) proteins have been described previously.

Plasmid construction. The construction of �NS expression vectors pM3 (en-
coding full-length �NS) and pM3(41-721) (encoding �NS amino acids 41 to 721),
previously referred to as pcM31861m and pcM3dN138, respectively, has been de-
scribed elsewhere (28). The expression vectors pM3(14-721) (encoding �NS
amino acids 14 to 721), pM3(�14-40) (encoding �NS amino acids 1 to 13 and 41
to 721), pM3(1-675) (encoding �NS amino acids 1 to 675), and pM3(1-716)
(encoding �NS amino acids 1 to 716) were generated by inserting PCR ampli-
cons derived from pM3 into the KpnI-XhoI site of pcDNA3 (Invitrogen, Carls-
bad, CA). The �NS expression vector pH570Q, H572S, containing His-to-Gln
and His-to-Ser amino acid substitutions at positions 570 and 572, respectively,
was generated using the QuikChange site-directed mutagenesis kit (Stratagene,
La Jolla, CA) with specific primers and pM3 as template. Plasmid vector pT7-
M3T3DM41I, which contains an ATG-to-ATC modification of the �NSC trans-
lation initiation codon, was generated using QuikChange with pT7-M3T3D tem-
plate (27) and specific primers. This plasmid was used to recover the �NSC-
negative virus rsT3D-�NSC-null.

The �2 expression vector, pM1T1L, in which the complete T1L �2 open reading
frame is cloned into pcDNA3, was generated using a T1L M1 cDNA originally
obtained from Earl Brown (68). The expression vectors containing single, double, or
triple substitutions in the T1L �2 protein—pK415A, pG416A, pK419A, pD446A,
pG449A, pR100G,R101G, pRKR103-5GQG, pL106QL108Q, and pK109Q
K110Q—were generated using QuikChange, specific primers, and pM1T1L tem-
plate. The rescue vector pT7-M1T1L, encoding the entire T1L M1 gene, was con-
structed by inserting an M1 cDNA amplicon fused at its native 5� terminus to the T7
RNA polymerase promoter into the SmaI-RsrII site of p3E5EGFP (62), resulting in
complete replacement of sequences encoding green fluorescent protein (GFP) and
the Ebola virus leader and trailer, thereby ligating the native M1 3� terminus to the
HDV ribozyme sequence. Two amino acid differences in the cDNA obtained from
E. G. Brown (68), Phe302 and Leu383, compared to the published T1L M1 sequence
(45) were changed to match the published sequence (Phe302 to Leu and Leu383 to
Pro) using QuikChange. QuikChange also was used to generate constructs for
rescue of the following T1L and T3D �2 mutant viruses (summarized in Table 1):
pT7-M1T1LP208S (pT7-M1T1L template), pT7-M1T1LL383P (pT7-M1T1L tem-
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plate), pT7-M1T1LF302L (pT7-M1T1L template), pT7-M1T3DS208P (pT7-
M1T3D template) (27), and pT7-M1T3DS208P�L383P (pT7-M1T3D template)
(27).

Expression constructs encoding �2 protein mutagenized within the N-terminal
region were generated using pM1T1L template, specific primers, and either
QuikChange (substitution mutants) or PCR (N-terminal deletion mutant).

Expression plasmid pGFP-�2(99-110), encoding GFP fused C-terminally to
�2 amino acid residues 99 to 110, was engineered by cloning oligonucleotides
specifying D99RRLRKRLMLKK110 into the XhoI-EcoRI site of pEGFP-C2
(Clontech, Mountain View, CA). Plasmid pGFP-�2(99-110m), containing Ala
substitutions of �2 basic amino acids in pGFP-�2(99-110), was generated using
oligonucleotides encoding D99AALAAALMLAA110.

All mutations were confirmed by nucleotide sequence analysis. Primer se-
quences used for plasmid construction are available upon request.

Transient protein expression. 293T cells and L cells were transfected using
Lipofectamine 2000 (Invitrogen) and TransIT-LT1 (Mirus, Madison, WI) trans-
fection reagents, respectively, according to the manufacturers’ instructions. To
detect expressed proteins by immunofluorescence, cells grown on glass coverslips
(Fisher Scientific, Pittsburgh, PA) were sequentially transfected with plasmid
vectors, incubated for 24 h, fixed in 10% formalin, permeabilized with 1% Triton
X-100, and incubated with antisera specific for viral proteins, a 1:1,000 dilution
of Alexa Fluor anti-immunoglobulin G secondary antibody (Molecular Probes,
Eugene, OR), and TO-PRO3 (Molecular Probes). GFP fusion proteins were
detected by intrinsic GFP fluorescence. Cells were visualized using an inverted
LSM510 confocal microscope (Carl Zeiss, New York, NY).

To detect expressed proteins by immunoblotting, lysates from transfected cells
were prepared as described previously (28). Proteins were detected using en-
hanced chemiluminescence (Amersham Biosciences, Piscataway, NJ) following
incubation with �NS- and �2-specific antisera and appropriate secondary anti-
bodies.

Infection with native and recombinant reovirus strains. Monolayers of L cells
were infected with various reovirus strains at a multiplicity of infection (MOI) of
2 PFU/cell. Following 1 h of adsorption, cells were washed with phosphate-
buffered saline (PBS) to remove the inoculum, and fresh medium was added.
Cultures were harvested at various intervals for virus titration, immunofluores-
cence assay, and immunoblotting.

LMB treatment. Monolayers of L cells were adsorbed with rsT1L at an MOI
of 10 (culture plates) or 20 (glass coverslips) PFU/cell. Following 1 h of adsorp-
tion, cells were washed with PBS to remove the inoculum, and fresh medium was
added. At 8 h postinfection, growth medium was replaced with fresh medium
containing 20 �g/ml leptomycin B (LMB), and cultures were processed 4 h later
for plaque assay or confocal immunofluorescence microscopy.

Viability of uninfected and reovirus-infected cells in the presence of LMB was
determined using the CellTiter 96 AQueous assay (Promega, Madison, WI), which
is based on the capacity of viable cells to metabolically reduce 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS). L cells were distributed into 96-well plates at a density of 5.5 � 104

cells/well and infected with rsT1L at an MOI of 10 PFU/cell. Following 1 h of
adsorption, cells were washed with PBS to remove the inoculum, and fresh
medium was added. LMB was added 8 h postinfection at a final concentration of
20 �g/ml, and the MTS assay was performed according to the manufacturer’s
instructions after 4 h of LMB exposure. Absorbance in reaction wells was re-
corded at 485 � following 1 h of incubation.

The subcellular localization of shuttling reporter proteins was determined in

the presence and absence of LMB using the GFP-based vectors Rev68-90-
GFP2-M9 (24) and pXRGG (34). Rev68-90-GFP2-M9 contains sequences derived
from the human immunodeficiency virus type 1 (HIV-1) Rev protein nuclear
export signal (NES; amino acid residues 68 to 90) and heterogeneous nuclear
ribonucleoprotein A1 (hnRNPA1) nuclear localization signal (NLS; M9). The
pXRGG vector contains full-length HIV-1 Rev protein fused C-terminally to the
hormone-responsive region of the rat glucocorticoid receptor, followed by GFP.
Rev and the glucocorticoid receptor furnish pXRGG with one NLS and two
NLSs, respectively, while Rev supplies an NES. L cells were transfected with
plasmid vectors, and cultures were supplemented 20 h posttransfection with 20
�g/ml LMB. Cells were imaged 4 h later by confocal microscopy.

Complementation of reovirus replication in cells expressing reovirus shRNAs.
trans-complementation of viral replication by transient expression of viral pro-
teins was performed as described previously (28). 293T cells (106) stably express-
ing M1 or M3 shRNA were seeded into six-well plates (Costar, Cambridge, MA)
approximately 24 h prior to transfection. Cells were transfected with expression
plasmids encoding �2 or �NS protein, incubated for 4 or 6 h, respectively, and
adsorbed with T3D at an MOI of 10 PFU/cell. Following 1 h of adsorption, cells
were washed with PBS to remove the inoculum, and fresh medium was added.
Cultures were harvested 24 h after infection, and viral titers in cell lysates were
determined by plaque assay.

Rescue of reovirus mutants from cloned cDNAs. Viruses containing engi-
neered changes in �NS and �2 proteins were generated from cloned cDNAs
using plasmid-based reverse genetics (27). Recombinant viruses were isolated
from cotransfection lysates at 5 days posttransfection by plaque assay using L cell
monolayers.

RESULTS

Complementation of reovirus replication in cells stably ex-
pressing T3D M3 shRNA by transient expression of �NS.
Previous studies revealed that the N-terminal 40 residues of
�NS are required for association with viral replication proteins
�2 and �NS and that C-terminal sequences in �NS are re-
quired for inclusion formation (9, 12, 39). To determine
whether these �NS domains are required for viral replication,
expression plasmids encoding wild-type (wt) and mutant forms
of �NS were generated for use in RNAi-based replication-
complementation assays. We first assessed the intracellular
distribution of viral proteins in transiently transfected 293T
cells. At 24 h posttransfection, wt �NS and an N-terminally
truncated �NS isoform corresponding to �NSC (amino acids
41 to 721) were present in globular inclusion-like structures,
similar morphologically to inclusions present in strain T3D-
infected cells (Fig. 1A). Likewise, truncation mutants lacking
amino acids 1 to 13 or 14 to 40, which are required for inter-
action of �NS with �NS and �2, respectively (12, 39), formed
distinctive globular structures. This finding contrasts with the
diffuse cytoplasmic distribution of �NS protein lacking the
C-terminal 46 or 5 amino acid residues. Substitution of two
histidine residues (His570 to Gln and His572 to Ser) possessing
Zn2�-binding potential and contained within a short sequence
motif conserved among �NS proteins of orthoreoviruses and
aquareoviruses (9) also resulted in a diffuse cytoplasmic pat-
tern of protein localization. These results show that His570,
His572, and C-terminal sequences, but not �2- or �NS-inter-
acting N-terminal sequences, of �NS are required for autoas-
sembly into inclusion-like structures.

Cultures of 293T cells stably expressing M3 shRNA (28)
were transiently transfected with wt T3D �NS expression plas-
mid pM3, which contains three silent point mutations within
the shRNA target sequence, followed by infection 4 h post-
transfection with T3D at an MOI of 10 PFU/cell. Viral titers in
culture lysates were determined 24 h postinfection by plaque

TABLE 1. Reovirus strains used for studies of viral
inclusion morphology

Virus strain M1 gene
derivation

Amino acid at
�2 position:

208 302 383

T1L T1L Pro Phe Leu
T3D T3D Ser Phe Leu
rsT3D T3D Ser Phe Leu
rsT3D-�2S208P T3D Pro Phe Leu
rsT3D-�2S208P�L383P T3D Pro Phe Pro
rsT3D-T1L�2 T1L Pro Phe Leu
rsT3D-T1L�2P208S T1L Ser Phe Leu
rsT3D-T1L�2F302L T1L Pro Leu Leu
rsT3D-T1L�2L383P T1L Pro Phe Pro

2894 KOBAYASHI ET AL. J. VIROL.



FIG. 1. trans-complementation of reovirus replication in cells expressing M3 (�NS-specific) shRNA. (A) Subcellular localization of mutant �NS proteins.
293T cells were infected with T3D at an MOI of 2 PFU/cell or transfected with the indicated plasmid constructs, and �NS expression was examined 24 h later
by confocal immunofluorescence microscopy using �NS-specific antiserum (green). Nuclei were stained with TO-PRO3 (blue). pcDNA, nonrecombinant vector
control; pM3, encodes full-length �NS; pM3(41-721), encodes �NS amino acids 41 to 721; pM3(14-721), encodes �NS amino acids 14 to 721; pM3(�14-40),
encodes �NS amino acids 1 to 13 and 41 to 721; pM3(1-675), encodes �NS amino acids 1 to 675; pM3(1-716), encodes �NS amino acids 1 to 716; pH570Q,
H572S, encodes full-length �NS containing His-to-Gln and His-to-Ser amino acid substitutions at positions 570 and 572, respectively. (B) Viral growth in cells
expressing vector-encoded �NS proteins. Parental or M3 shRNA-expressing 293T cells were transfected with plasmids expressing wt or mutant �NS proteins,
wt �2, or wt �NS as indicated, followed by infection with T3D at an MOI of 10 PFU/cell. At 24 h postinfection, viral titers were determined by plaque assay.
Results are mean viral titers from three independent experiments. Error bars denote standard deviations.
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assay. Yields of T3D were diminished �5,000-fold in shRNA-
expressing cells transfected with nonrecombinant plasmid
compared to an �70-fold reduction in cells transfected with
pM3 (Fig. 1B). Thus, �NS protein provided in trans restored
�98% of viral growth suppressed by treatment with M3
shRNA. An additional �6-fold enhancement in yield was
achieved by coexpression of �2 and �NS proteins with �NS,
suggesting that the abundance or accessibility of �NS-interact-
ing partners is an important factor in complementation effi-
ciency using this RNAi-based system.

We next assessed the capacity of mutant forms of ectopically
supplied �NS protein to complement reovirus replication in
�NS-silenced cells. Expression plasmids encoding mutant �NS
proteins and wt �2 and �NS proteins were cotransfected into
M3 shRNA-expressing cells, followed by infection with T3D.
Mutant �NS proteins lacking amino acids 1 to 13, 1 to 40, 676
to 721, or 717 to 721, or containing the double-point mutations
His5703Gln and His5723Ser, were incapable of restoring re-
ovirus yields above control vector, although expression of a
deletion mutant lacking amino acids 14 to 40 resulted in a very
modest (�5-fold) increase in viral titer (Fig. 1B). These results
indicate that viral replication depends on the capacity of �NS
to form inclusions and interact with �2 and �NS proteins.

Importance of �NSC for viral replication in infected cells.
We demonstrated previously that heterologous expression of a
naturally occurring, internally initiated form of �NS lacking
amino acids 1 to 40, known as �NSC, is incapable of support-
ing reovirus replication in an RNAi-based complementation
system (28). However, the precise function of �NSC in the
viral life cycle is unknown. To better understand the biologic
role of �NSC, we used reverse genetics (27) to generate a virus
incapable of �NSC expression, rsT3D-�NSC-null, by altering
the in-frame �NSC initiation codon (corresponding to nucle-
otides 139 to 141 of the �NS open reading frame) to the
isoleucine-encoding sequence, ATC. All remaining genes were
derived from wt T3D. Immunoblot analysis of L cells infected
with plaque-purified rsT3D and rsT3D-�NSC-null viruses re-
vealed that �NS and �NSC were expressed by rsT3D, but only
�NS was expressed in rsT3D-�NSC-null-infected cells (Fig.
2A). Inclusion formation (Fig. 2B) and growth kinetics (Fig.
2C) for the two viruses were virtually identical. These results
indicate that �NSC is neither required for viral inclusion for-
mation nor viral replication in reovirus-infected cells.

Complementation of reovirus replication in cells stably ex-
pressing T3D M1 shRNA. To develop a complementation sys-
tem for studies of �2 functions in viral replication, we estab-
lished L cells constitutively expressing T3D M1-specific
shRNA. A T1L �2 expression plasmid containing a single
silent nucleotide substitution within the shRNA target se-
quence (pM1T1L) was transfected into M1 shRNA-expressing
cells, followed by infection 6 h posttransfection with T3D at an
MOI of 10 PFU/cell. At 20 h postinfection, infected cells were
subjected to immunofluorescence microscopy to detect outer
capsid protein �1/�1C as a marker of viral replication. The
�1/�1C protein was detected in shRNA-expressing cells trans-
fected with pM1T1L but not in cells transfected with empty
vector (Fig. 3A). Concordantly, transfection of cells with
pM1T1L resulted in �150-fold-increased viral yields com-
pared to cells transfected with control vector (Fig. 3B), con-

firming that reovirus replication in �2-silenced cells is rescued
by ectopic �2 expression.

Importance of an intact �2 NTPase/RTPase domain for
reovirus replication. The �2 protein contains conserved re-
gions of primary sequence, A411VLPKGSFKS420 and D446

EVG449, with similarity to the nucleotide-binding A and B
motifs, respectively, of ATPases (26, 42). Previous studies

FIG. 2. Replication of a �NSC-null virus. (A) Immunoblot detec-
tion of �NS and �NSC expression in virus-infected cells. L cells were
infected with rsT3D or rsT3D-�NSC-null at an MOI of 2 PFU/cell. At
24 h postinfection, cells were lysed and lysates were immunoblotted
using �NS-specific antiserum. (B) Immunofluorescence detection of
�NS and �NSC expression in virus-infected cells. L cells were infected
as described for panel A and processed for confocal microscopy at 24 h
postinfection using �NS-specific antiserum (green). Nuclei were
stained with TO-PRO3 (blue). (C) Growth of rsT3D-�NSC-null. L
cells were infected with rsT3D or rsT3D-�NSC-null at an MOI of 2
PFU/cell, and viral titers in culture lysates were determined by plaque
assay at the intervals shown. Results are mean viral titers from three
independent experiments. Error bars denote standard deviations.
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showed that baculovirus-expressed �2 exhibits NTPase and
RTPase activities and that both functions are abolished by dual
Ala substitutions of conserved Lys residues at positions 415
and 419 (26). To ascertain the importance of �2 putative nu-
cleotide-binding motifs in virus replication, we replaced Lys415,

Gly416, Lys419, Asp446, and Gly449 individually with Ala (Fig.
4A). Mutant �2 proteins with Gly416 to Ala or Gly449 to Ala
mutations retained the capacity to restore viral growth in �2-
deficient cells, whereas mutants with Lys415 to Ala, Lys419 to
Ala, or Asp446 to Ala substitutions failed to support growth

FIG. 3. trans-complementation of reovirus replication in cells expressing M1 (�2-specific) shRNA. Parental or M1 shRNA-expressing 293T
cells were transfected with empty vector (pcDNA) or T1L �2-expressing vector (pM1T1L), followed by infection with T3D at an MOI of 10
PFU/cell. (A) Immunofluorescence analysis of viral replication. At 20 h postinfection, cells were visualized by confocal immunofluorescence
microscopy using a monoclonal antibody specific for viral structural protein �1/�1C (green). Nuclei were stained with TO-PRO3 (blue).
(B) Quantitation of viral growth. At 24 h postinfection, viral titers in culture lysates were determined by plaque assay. Results are mean viral titers
from two independent experiments. Error bars denote standard deviations.
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above background levels (Fig. 4B). Differing complementation
efficiencies among wt and mutant �2 proteins were not ex-
plained by variations in expression levels, based on results of
immunoblot assays (Fig. 4C). These findings indicate that both
putative nucleotide-binding motifs in �2 are vital to its func-
tion in viral replication, consistent with an essential role for �2
NTPase/RTPase activity.

Importance of a �2 N-terminal region basic cluster for
reovirus replication. Alignment of �2 sequences from reovirus
strains representing serotypes 1, 2, and 3 reveals a highly con-
served short stretch of predominantly basic amino acids that
occupies positions 100 to 110 in the primary sequence, R100R
LRKRLMLKK110 (67). Such motifs are associated with nu-
clear targeting activities (15, 21). Therefore, we investigated

the importance of R100RLRKRLMLKK110 in viral replication
by using complementation methods (Fig. 5A). Viral yields in
cells expressing a mutant �2 protein substituted at two apolar
positions, Leu106/Leu108 to Gln106/Gln108, were equivalent to
those expressing wt protein (Fig. 5B). In contrast, disruption of
basic positions via double or triple substitution mutants—
R100R101 to G100G101, R103 K104 R105 to G103Q104G105, and
K109K110 to Q109Q110—eliminated the capacity of vector-de-
rived �2 to restore viral growth in �2-silenced cells despite
equivalent expression levels of wt and mutant �2 proteins (Fig.
5C). These results indicate that a cluster of basic residues near
the N terminus of �2 is critical for viral replication and support
the idea that these conserved sequences are contained within a
discrete functional domain.

FIG. 4. trans-complementation of M1 (�2-specific) RNAi with �2
proteins containing mutations in a domain required for NTPase and
RTPase activities. (A) Substitutions in predicted NTP-binding motifs
of T1L �2 protein. Changes are shown relative to the wt sequence
encoded by the parental vector, pM1T1L. (B) Viral growth in cells
expressing vector-encoded �2 proteins. Parental or M1 shRNA-ex-
pressing 293T cells were transfected with empty vector (pcDNA) or
T1L �2-expressing vectors, followed by infection with T3D at an MOI
of 10 PFU/cell. At 24 h postinfection, viral titers in culture lysates were
determined by plaque assay. Results are mean viral titers from three
independent experiments. Error bars denote standard deviations.
(C) Confirmation of �2 expression in transfected cells. Expression of
�2 proteins from trans-complementation vectors was verified by im-
munoblotting of protein extracts from transiently transfected cells us-
ing �2-specific antiserum.

FIG. 5. trans-complementation of M1 (�2-specific) RNAi with �2
proteins containing mutations in a conserved N-terminal polybasic
region. (A) Substitutions in a basic amino acid domain. Changes are
shown relative to the wt sequence encoded by the parental vector,
pM1T1L. (B) Viral growth in cells expressing vector-encoded �2 pro-
teins. Parental or M1 shRNA-expressing 293T cells were transfected
with empty vector (pcDNA) or T1L �2-expressing vectors, followed by
infection with T3D at an MOI of 10 PFU/cell. At 24 h postinfection,
viral titers in culture lysates were determined by plaque assay. Results
are mean viral titers from three independent experiments. Error bars
denote standard deviations. (C) Confirmation of �2 expression in
transfected cells. Expression of �2 proteins from trans-complementa-
tion vectors was verified by immunoblotting of protein extracts from
transiently transfected cells using �2-specific antiserum.
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Influence of �2 N-terminal region basic sequences on pro-
tein subcellular distribution. To determine whether perturba-
tions in protein nucleocytoplasmic compartmentalization con-
tribute to the lethal phenotype of mutations introduced at
positions occupied by basic residues between amino acids 100
and 110, we examined the distribution of �2 in transiently
transfected cells using confocal microscopy. Native �2 protein
was found in both the nucleus and cytoplasm of 293T cells with
similar staining intensities (Fig. 6A). As the molecular mass of
�2 exceeds the exclusion limit for passive diffusion of mole-
cules into the nucleus (�40 kDa) (7, 44), this finding is con-
sistent with the presence of a functional NLS. Amino acid
substitutions that abrogate the capacity of �2 to trans-comple-
ment viral replication—R100R101 to G100G101 and R103 K104

R105 to G103Q104G105—elicited a modest to moderate shift in
the distribution of �2 from the nucleus to cytoplasm. More-
over, an N-terminally truncated �2 protein lacking the first 106
amino acid residues displayed almost exclusive cytoplasmic
localization. These results provide evidence that N-terminal
region sequences in �2 harbor an NLS.

To directly determine whether the �2 polybasic region and
predicted NLS possess autonomous nuclear targeting activity,
we examined the intracellular distribution of GFP extended at
its C terminus with �2 sequences, D99RRLRKRLMLKK110

(Fig. 6B). In contrast to the homogeneous dispersion of un-
modified GFP in L cells, there was marked nuclear accumula-
tion of GFP fused to the �2 predicted NLS. Ala substitution of
basic residues in the appended �2 sequences nullified their
impact on GFP nuclear translocation, resulting in a uniform
distribution of the GFP-�2 fusion protein indistinguishable
from wt GFP. These findings indicate that the N-terminal
polybasic region in �2 can independently function as an NLS.

Furthermore, because mutations in this same region pro-
foundly interfere with viral replication (Fig. 5B), results of the
�2 localization experiments suggest that nuclear targeting of
�2 is required for completion of the reovirus infectious cycle.

Effect of LMB on �2 localization and reovirus replication.
Because �2 protein distributes to both the nucleus and cyto-
plasm (Fig. 6) (10, 12, 37, 39, 45), it is possible that �2 shuttles
between these compartments. The best-characterized and most
commonly used nuclear export pathway is mediated by Crm1
(exportin 1), which facilitates translocation of cargos contain-
ing a Leu-rich NES, the Crm1 ligand (20, 30). LMB covalently
associates with Crm1 and blocks binding to this NES (29). To
determine whether Crm1-mediated nuclear export functions in
�2 subcellular distribution and viral replication, we examined
the effect of LMB treatment on �2 nuclear accumulation and
viral replication in T1L-infected L-cell cultures. Addition of 20
�g/ml LMB at 8 h postinfection did not appreciably alter the
nucleocytoplasmic distribution of �2 at 12 h postinfection (Fig.
7A). Furthermore, viral yields in LMB-treated and control
cells were virtually identical (Fig. 7C). The treatment condi-
tions employed were adequate to induce nuclear sequestration
of two GFP-based shuttling proteins, Rev68-90-GFP2-M9 and
pXRGG, containing the Crm1-dependent NES of HIV-1 Rev
(24, 34) (Fig. 7B). As an additional control, neither uninfected
nor reovirus-infected cells displayed evidence of substantial
LMB-induced cytotoxicity as judged by the capacity of treated
cells to reductively metabolize MTS (Fig. 7D). Thus, experi-
mental parameters commensurate with inhibition of Crm1-
mediated nuclear export did not reveal spatial or functional
evidence of Crm1-dependent �2 nucleocytoplasmic shuttling.

Sequence polymorphisms in �2 and viral inclusion mor-
phology. The �2-encoding M1 gene is a determinant of strain-

FIG. 6. Requirement for conserved N-terminal basic residues in �2 subcellular localization. (A) Intracellular distribution of wt and mutant �2
proteins. 293T cells were transfected with plasmid constructs encoding the indicated T1L-derived �2 proteins, which were detected by confocal
immunofluorescence microscopy using �2-specific antiserum (green). pM1T1L, wt T1L �2; pR100G,R101G, �2 containing Arg100-to-Gly and
Arg101-to-Gly substitutions; pRKR103-5GQG, �2 containing Arg103-to-Gly, Lys104-to-Gln, and Arg105-to-Gly substitutions; p�1-106, truncated �2
protein lacking the N-terminal 106 amino acid residues. (B) Intracellular distribution of GFP fused to �2 protein sequences. L cells were
transfected with the indicated plasmid constructs. Expression of wt T1L �2 protein was detected by confocal immunofluorescence microscopy using
�2-specific antiserum (green). Intrinsic GFP fluorescence was detected using confocal microscopy (green). pEGFP-C2, enhanced GFP; pGFP-
�2(99-110), EGFP appended at the C terminus with the �2 putative nuclear localization sequence, D99RRLRKRLMLKK110; pGFP-�2(99-110m),
pGFP-�2(99-110) containing Ala substitutions for �2 basic residues.
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FIG. 7. Treatment of reovirus-infected cells with LMB. (A) Subcellular distribution of �2. L cells were infected with T1L at an MOI of 20
PFU/cell. At 8 h postinfection, the culture medium was supplemented to contain 20 �g/ml LMB (�LMB) or left unsupplemented (-LMB). Cells
were imaged 12 h postinfection using confocal immunofluorescence microscopy with �NS (red)- and �2 (green)-specific antisera. Nuclei were
stained with TO-PRO3 (blue). (B) Subcellular distribution of nuclear shuttling proteins. Modified GFPs enabled for nucleocytoplasmic shuttling
were transfected into L cells. At 20 h posttransfection, the culture medium was supplemented to contain 20 �g/ml LMB (� LMB) or left
unsupplemented (-LMB). GFP was visualized 24 h posttransfection using confocal microscopy. Nuclei were left unstained (- TO-PRO3) or stained
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specific differences in viral inclusion morphology (45), which
has been correlated with the efficiency of �2-microtubule in-
teractions and a single amino acid polymorphism in �2 at
position 208 (45, 67). To determine the significance of the
Pro208/Ser208 polymorphism in viral replication, L cells were
infected with wt and �2-mutant viruses recovered by reverse
genetics (Table 1) and subjected to immunofluorescence anal-
ysis at 24 h post infection. Consistent with patterns displayed
by native viruses, rsT3D, which contains a Ser residue at �2
position 208, produced exclusively globular inclusions, whereas
recombinant virus containing the T1L-derived �2 protein
(rsT3D-T1L�2), in which Pro occurs at position 208, produced
only filamentous inclusions (Fig. 8A). Moreover, this pattern
was reversed upon reciprocal Ser208-to-Pro and Pro208-to-Ser
substitutions in T3D (rsT3D-�2S208P) and T1L (rsT3D-
T1L�2P208S) �2 proteins, respectively. These results confirm
that the Pro/Ser polymorphism at position 208 in �2 protein
serves as an independent determinant of viral inclusion mor-
phology in L cells.

Stocks of reovirus maintained in different laboratories ex-
hibit polymorphisms in the �2 protein (67). The T1L and T3D
stocks used in our laboratory were acquired from the labora-
tory of Bernard Fields and contain Phe and Leu residues at �2
positions 302 and 383, respectively. However, a cloned T1L �2
cDNA derived from a reovirus stock maintained in the labo-
ratory of Earl Brown contains Leu and Pro residues at posi-
tions 302 and 383, respectively (45). To determine whether
sequence variability at �2 positions 302 and 383 influences
inclusion morphology, we generated T1L and T3D �2-mutant
viruses with substitutions at both sites (Table 1). Immunoflu-
orescence analysis of L cells infected with rsT3D-T1L�2- and
rsT3D-T1L�2F302L displayed filamentous inclusion morphol-
ogy typical of T1L �2 (Fig. 9A). However, infection with
rsT3D-T1L�2L383P revealed only globular viral inclusions,
whereas uniformly filamentous inclusions were observed in
rsT3D-�2S208P�L383P-infected cells (Fig. 9C). These find-
ings show that an amino acid position in �2 other than 208
modulates phenotypic effects of the Ser208/Pro208 polymor-
phism in a sequence context-dependent fashion. Furthermore,
the Phe302-to-Leu substitution in rsT3D-T1L�2F302L serves
as a specificity control for the effects of engineered changes on
protein folding, which provides confidence that alterations in
inclusion morphology associated with substitutions at positions
208 and 383 are unlikely to result from gross conformational
changes in �2. Thus, amino acid residues 208 and 383 are part
of a functional, and possibly structural, domain involved in
�2-microtubule interactions.

Inclusion morphology and viral growth. To ascertain the
relevance of inclusion morphology to viral replication, L cells

were infected with wt and �2-mutant rs viruses at an MOI of
2 PFU/cell, and viral growth was assessed by plaque assay at
various times postinfection (Fig. 8B and 9B). Kinetics of viral
growth and absolute titers of infectious particles did not differ
significantly among wt and mutant viruses, indicating that nei-
ther �2 sequence variability at positions 208, 302, or 383 nor
inclusion morphology is a critical modulator of reovirus repli-
cation efficiency in L cells infected with isogenic �2 mutant
viruses.

DISCUSSION

The �NS protein forms distinct structures resembling viral
inclusions when expressed in the absence of other viral pro-
teins (12). Minimum sequences required for autoassembly of
�NS protein into inclusion-like structures are contained within
the 161 to 251 C-terminal amino acids (9). The C-terminal two
to eight amino acid residues and a putative metal-chelating
motif (perhaps selective for Zn2�) involving His570 and Cys572

appear to play critical roles in this process (2, 9). These se-
quences may contribute to a dimerization domain perhaps
involved in �NS homotypic or heterotypic interactions re-
quired to nucleate inclusions (9). We found that preservation
of the �NS extreme C terminus and conservation of His570 and
Cys572 are required for autoassembly of �NS into structures
resembling viral inclusions. Furthermore, results of shRNA-
based trans-complementation assays indicate that mutant �NS
proteins failing to form inclusion-like structures are incapable
of supporting viral growth in 293T cells, consistent with a
recent study using a different trans-complementation method-
ology (2). Therefore, concordant results obtained in indepen-
dent laboratories using different methods provide compelling
functional evidence that establishment of cytoplasmic inclu-
sions by �NS is a prerequisite to reovirus replication.

Although formation of inclusions is necessary for viral rep-
lication, results reported here indicate that inclusion formation
is not sufficient. Our findings and those previously reported by
Arnold et al. (2) show that �NSC, though capable of self-
assembly into inclusion-like structures, cannot support viral
replication. Such aspects of �NS structure-function relation-
ships point to compulsory heterointeractions between �NS and
�2 and �NS proteins at one or more steps in the viral RNA life
cycle, perhaps recruitment or retention of (�)-strand RNAs at
sites of viral replication, dsRNA synthesis, or genome packag-
ing. In support of this model, we previously found that selective
RNAi-mediated elimination of �NS, �2, or �NS from reovi-
rus-infected cells inhibits viral dsRNA synthesis and produc-
tion of infectious particles (28). We show here that removal of
�NS N-terminal sequences specifically required for interac-

(blue) with TO-PRO3 (� TO-PRO3). Rev68–90-GFP2-M9 contains sequences derived from the HIV-1 Rev protein nuclear export signal and the
heterogeneous nuclear ribonucleoprotein A1 nuclear localization signal. The nuclear export signal for pXRGG is supplied by full-length Rev, and
nuclear localization signals are furnished by both Rev and the rat glucocorticoid receptor hormone-responsive region. (C) Reovirus growth. L cells
were infected with T1L at an MOI of 10 PFU/cell, and the culture medium was supplemented 8 h postinfection to contain 20 �g/ml LMB (� LMB)
or left unsupplemented (- LMB). Viral titers in culture lysates were determined at 0 and 12 h postinfection by plaque assay. Results are mean viral
yields (relative to time zero) from three independent experiments. Error bars denote standard deviations. (D) Cell viability. L cells were infected
with T1L at an MOI of 10 PFU/cell. At 8 h postinfection, culture medium was supplemented to contain 20 �g/ml LMB (� LMB) or left
unsupplemented (- LMB). Cell viability was determined 12 h postinfection with an MTS assay. Results are mean absorbances from three
independent experiments. Error bars denote standard deviations. Reaction absorbance is directly proportional to cell viability.
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tions with either �NS (1 to 13) or �2 (14 to 40) (10, 39) also
eliminates or drastically reduces the capacity of �NS to sup-
port viral growth, yet without compromising its capacity for
inclusion formation.

Despite the failure of ectopically supplied �NSC to restore
viral replication in �NS-depleted cells, �NSC might neverthe-
less contribute to viral inclusion formation or growth in in-
fected cells. Thus, to unequivocally define the importance of
�NSC in the viral infectious cycle, we characterized the repli-
cation of a �NSC-deficient mutant virus obtained using reverse
genetics. In these experiments, we found that �NSC is neither
required for normal viral inclusion development nor viral
growth (Fig. 2). It is possible that �NSC promotes viral growth
in certain cell or tissue types requisite to efficient spread within
or between hosts. Alternatively, �NSC may modulate host
defenses to reovirus infection at the intracellular or organismal
level. We are currently investigating these possibilities.

RNAi-mediated reduction in �2 expression is associated
with marked retardation of viral inclusion development, inhi-
bition of dsRNA synthesis, and virtual absence of progeny
virion production (28). The exquisite responsiveness of reovi-
rus replication to diminished �2 levels permitted specific se-
quences in �2 important for viral growth to be defined by
complementation. We identified three short regions of se-
quence critical for viral replication: two predicted nucleotide-
binding units with similarity to Walker A (A411VLPKGS
FKS420) and B (D446EVG449) motifs of ATPases (26) and an
N-terminal basic amino acid cluster conforming to a possible
NLS (R100RLRKRLMLKKDLRK114) (15, 21). The Walker
A- and B-like motifs are invariant among 14 reported �2 se-
quences representing reovirus strains of all three serotypes,
including the prototype strains (67). Single Ala substitutions at
putative nucleotide-binding residues Lys415 and Lys419 in the
A-like motif prevented viral replication, whereas mutation of
the neutral position, Gly416, was replication compatible. These
results strongly suggest that �2 NTPase/RTPase activity is req-
uisite to viral replication and agree with recent findings by
Carvalho et al. (13), who reported that introduction of the
double mutation, Lys415/Lys419-to-Ala415/Ala419, into �2
caused an �10- to 100-fold viral titer reduction in CV-1 cells
when they used an siRNA-based replication complementation
system. Tolerance of a mutation at Gly449, but not Asp446, in
the Walker B-like domain provides further evidence that viral
replication is dependent on �2 NTPase/RTPase functionality.

Our findings do not address specific steps in the viral infec-
tious cycle disrupted by mutations in the Walker-like motifs.
Considering that �2 is a probable component of the core
particle transcriptional machinery (8, 26, 66) as well as inclu-
sion-associated protein (5, 10, 12, 37, 39, 40, 45) involved in
genomic RNA synthesis and particle assembly (16), diminished
NTPase/RTPase activities could interrupt progression of the
replication program at multiple points during or following
RNA (�)-strand synthesis. Introduction of Lys415/Lys419-to-
Ala415/Ala419 mutations into T1L �2 does not interfere with its
capacity to form filamentous inclusion-like structures when
coexpressed with �NS in CV-1 cells (26). Interestingly, the
NTPase function of rotavirus viroplasm-forming protein NSP2
is essential for productive rotavirus replication, but not viro-
plasm formation, in trans-complemented MA104 cells (59).
Taken together, these findings suggest that disruption of �2

FIG. 8. Modulation of viral inclusion morphology by engineered
changes at �2 amino acid position 208. (A) Inclusion morphology of
�2 mutant viruses. L cells were infected at an MOI of 2 PFU/cell
with wt viruses or viral mutants with substitutions at amino acid
position 208 in the T1L and T3D �2 proteins. At 24 h postinfection,
cells were imaged using confocal immunofluorescence microscopy
after staining with �NS-specific antiserum (green). Nuclei were
stained with TO-PRO3 (blue). T3D and T1L, native viruses; rsT3D,
wt strain; rsT3D-T1L�2, rsT3D containing T1L-derived �2; rsT3D-
�2S208P, rsT3D containing a Ser208-to-Pro substitution in �2;
rsT3D-T1L�2P208S, rsT3D-T1L�2 with a Pro208-to-Ser substitu-
tion in �2. (B) Growth of �2 mutant viruses. L cells were infected
with the indicated viruses at an MOI of 2 PFU/cell, and titers in
culture lysates were determined by plaque assay at the intervals
shown. Results are mean viral titers from three independent exper-
iments. Error bars denote standard deviations.
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NTPase/RTPase activity blocks reovirus replication at a point
subsequent to inclusion formation, for example, synthesis or
packaging of dsRNA.

We found that nonconservative substitutions at charged, but
not apolar, positions in the more N-terminal of two basic
clusters in �2 completely prevented transiently expressed �2
from restoring viral growth in �2-deficient cells. These changes
produced a mild nuclear-to-cytoplasmic shift in the subcellular
distribution of transiently expressed �2 protein, suggesting that
other sequences also regulate nuclear localization. One such
possibility is the slightly more C-terminal NLS-like sequence
element, K261RLR264, but additional nuclear-targeting activi-
ties may reside proximal to the N terminus of �2, as very little
mutant protein lacking the N-terminal 106 residues was
present in the nucleus. Nevertheless, we found that the oli-
gopeptide D99RRLRKRLMLKK110 is sufficient to direct a
heterologous protein (GFP) to the nucleus. Thus, this region
of �2 possesses intrinsic capacity for nuclear localization. Clas-
sical (i.e., basic) NLSs are recognized by importin-	, and NLS-
presenting proteins are translocated through the nuclear pore
in a complex containing importin-	 and importin-
 (57). These
findings are consistent with a physical interaction between �2
and components of the nuclear import apparatus.

A functional role for �2 nuclear entry is not apparent from
our studies. However, it is noteworthy that �2 protein has been
genetically linked to viral strain-specific differences in the in-
duction of alpha/beta interferon (IFN-	/
) expression in car-
diac myocytes and reovirus sensitivity to the antiviral effects of
IFN in these cells (55). A recent report by Zurney et al. (69)
provided evidence that the �2 protein of strain T1L, but not
T3D, antagonizes signal transduction from the IFN-	/
 recep-
tor by favoring the nuclear accumulation of a key signaling
molecule, IFN regulatory factor 9 (IRF9), which partners with
signal transducer and activator of transcription 1 (STAT1) and
STAT2 to form a heterotrimeric inducer of IFN-stimulated
gene (ISG) expression (49). The nuclear phase of �2 might
benefit viral replication by directly or indirectly perturbing the
normal cycle of IRF9 nucleocytoplasmic translocation, thereby
suppressing the expression of ISGs. Activities of �2 in the
nucleus might also involve cellular processes unrelated to in-
nate immunity, such as regulation of transcription or the cell
cycle, congruous with diverse functional interactions between
proteins encoded by cytoplasmically replicating RNA viruses
and nuclear structures and proteins (23).

The most commonly used and best-characterized pathway
for exporting nuclear cargo to the cytoplasm is dependent on
Crm1, which recognizes hydrophobic, typically Leu-rich, NESs
and translocates NES-containing proteins through the nuclear
pore as part of a heteromeric complex containing GTP-bound
Ran protein (57). A number of viral proteins are shuttled in a
Crm1-dependent fashion (20, 46, 48, 63, 65), and like �2, these

FIG. 9. Effect of altering �2 amino acids other than at position 208
on viral inclusion morphology and growth. (A) Inclusion morphology
of viruses with alterations in T1L �2. L cells were infected at an MOI
of 2 PFU/cell with wt viruses or viral mutants with substitutions at
amino acid positions 302 and 383 in the T1L �2 protein. At 24 h
postinfection, cells were imaged using confocal immunofluorescence
microscopy after staining with �NS-specific antiserum (green). Nuclei
were stained with TO-PRO3 (blue). rsT3D, wt strain; rsT3D-T1L�2,
rsT3D containing T1L-derived �2; rsT3D-T1L�2F302L, rsT3D-
T1L�2 with a Phe302-to-Leu substitution in �2; rsT3D-T1L�2L383P,
rsT3D-T1L�2 with a Leu383-to-Pro substitution in �2. (B) Growth of
virus with substitutions at amino acid position 383 of T1L �2. L cells
were infected with the indicated viruses at an MOI of 2 PFU/cell, and
titers in culture lysates were determined by plaque assay after 0, 12,
and 24 h of incubation. Results are mean viral yields (relative to time

zero) from three independent experiments. Error bars denote standard
deviations. (C) Inclusion morphology of viruses with alterations in
T3D �2. L cells were infected with the indicated viruses and imaged
24 h later as described for panel A. rsT3D-�2S208P, rsT3D containing
a Ser208-to-Pro substitution in �2; rsT3D-�2S208P�L383P, rsT3D
with Ser208-to-Pro and Leu383-to-Pro substitutions in �2.
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proteins are frequently involved in viral RNA regulation or
subversion of the IFN response. A specific inhibitor of Crm1
nuclear export activity, LMB (29, 30), did not significantly
affect viral replication or the distribution of �2 protein in
T1L-infected L cells under treatment conditions adequate to
induce nuclear retention of two different GFP-based reporter
molecules containing the HIV-1 Rev NES. Nonetheless, our
results do not exclude the possibility of bidirectional move-
ment of �2 between the cytoplasm and nucleus. It is possible
that variation in the sequence of �2 (or other proteins) among
different viral strains (67) influences the extent or kinetics of
�2 nucleocytoplasmic shuttling and, therefore, sensitivity to
LMB. Another possibility is that �2 export from the nucleus
occurs through a nonclassical pathway (43), reminiscent of
Crm1-indpendent nuclear export of morbillivirus N proteins
containing Leu-rich NESs (50). We note the presence of a
sequence element in �2, L328EMLGIEI335, which exhibits sim-
ilarity to a Leu-rich NES (31) and is highly conserved among
14 published �2 sequences except that belonging to strain T2J
(67).

The �2 protein binds and stabilizes microtubules and an-
chors inclusions of the majority of characterized reovirus
strains to the cytoskeleton, resulting in filamentous inclusion
morphology (12, 45, 67). However, a Pro208-to-Ser change
present in some viral strains is associated with the covariant
phenotypes of diminished microtubule binding by �2 (45) and
globular inclusion morphology (45, 67). We rescued isogenic
viruses containing single amino acid substitutions in �2 and
found that the Pro208/Ser208 polymorphism is indeed an inde-
pendent determinant of inclusion morphology. We further ob-
served that a Leu/Pro polymorphism at position 383, identified
in the cloned M1 cDNA sequence from a laboratory isolate of
T1L (45), also determines inclusion morphology of rescued
viruses expressing T1L �2 and that the simultaneous presence
of Pro and Leu at positions 208 and 383, respectively, is re-
quired to produce filamentous inclusions. Similar studies per-
formed using viruses expressing T3D �2 protein yielded the
somewhat surprising result that the polymorphism at position
383 in T3D �2 does not affect inclusion morphology dictated
by amino acid 208. There are nine amino acid differences
between the T1L- and T3D-derived �2 proteins used for our
studies (T1L/T3D amino acids: Val93/Ala93, Pro208/Ser208,
Val300/Met300, Gln342/Arg342, Phe347/Leu347, Val434/Ile434,
His458/Gln458, Met652/Ile652, and Asn726/Ser726), one or more
of which must control the differential effects of residue 383 on
inclusion morphology. Detailed structural models of the �2
protein are needed to fully explain these strain-specific effects,
but one logical hypothesis is that amino acid residues 208 and
383 are proximal in the �2 structure and contribute to the
microtubule-binding or microtubule-stabilizing region of �2.
Neighboring polymorphic positions may influence the interac-
tions of amino acid residues 208 and 383 with microtubules or
each other.

We were unable to correlate inclusion morphology with total
viral yields or replication kinetics by using rescued �2 mutant
viruses, which grew equivalently to wt regardless of the inclu-
sion morphotype or strain origin of �2. These findings contrast
with those reported by Carvalho et al. (13), which showed that
viral growth in an RNAi-based trans-complementation system
was significantly enhanced when complementation was per-

formed with �2 protein containing Pro rather than Ser at
position 208. The mechanistic basis for these differential effects
of Pro208 versus Ser208 on the capacity of transiently expressed
�2 to restore viral replication was not evident in those studies,
but rescue of viral growth was sensitive to nocodazole, indicat-
ing dependence on intact microtubules. The requirements for
microtubule binding by �2 may be cell type dependent. In this
regard, previous experiments were performed with primate
kidney-derived (CV-1) cells, whereas we used murine fibro-
blast (L) cells. The �2-encoding M1 gene is a determinant of
differences between strains T1L and T3D with respect to viral
growth in MDCK cells (47), murine cardiac cells (36), and
bovine aortic endothelial cells (35); reovirus-induced myocar-
ditis in immunocompetent mice (54); and organ-specific viral
growth and injury in SCID mice (22). Thus, �2-mediated re-
cruitment of viral factories to microtubules might be necessary
for efficient reovirus growth in some types of cells. Although a
mechanistic explanation for such a requirement is not obvious,
concentration of viral proteins and RNA on the cytoskeleton
may facilitate genome replication and particle assembly or,
perhaps, shield viral components from recognition by the in-
tracellular pathogen surveillance system.

In this study, we combined RNAi-based and reverse genetics
strategies to define the role of functional domains in the viral
inclusion-forming proteins �NS and �2 in reovirus replication.
Both proteins display modular architectures built from what
appear to be functionally and structurally unique sequence
domains involved in discrete steps of inclusion development
and viral replication. Recombinant reoviruses systematically
altered in the �NS, �2, and other viral proteins will foster new
insights into the viral replication machinery and may reveal
posttranscriptional determinants of viral pathogenesis.
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