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The reovirus ols protein is a 14-kDa nonstructural protein encoded by the S1 gene segment. The S1 gene
has been linked to many properties of reovirus, including virulence and induction of apoptosis. Although the
function of o1s is not known, the o1s open reading frame is conserved in all S1 gene sequences determined to
date. In this study, we identified and characterized a variant of type 3 reovirus, T3C84-MA, which does not
express ols. To facilitate these experiments, we generated two monoclonal antibodies (MAbs) that bind
different epitopes of the ols protein. Using these MAbs in immunoblot and immunofluorescence assays, we
found that 1.929 (L) cells infected with T3C84-MA do not contain o1s. To determine whether o1s is required
for reovirus infection of cultured cells, we compared the growth of T3C84-MA and its parental strain, T3C84,
in L cells and Madin-Darby canine kidney (MDCK) cells. After 48 h of growth, yields of T3C84-MA were
equivalent to yields of T3C84 in L cells and were fivefold lower than yields of T3C84 in MDCK cells. After 7
days of growth following adsorption at a low multiplicity of infection, yields of T3C84-MA and T3C84 did not
differ significantly in either L cells or MDCK cells. To determine whether o 1s is required for apoptosis induced
by reovirus infection, T3C84-MA and T3C84 were tested for their capacity to induce apoptosis, using an
acridine orange staining assay. In these experiments, the percentages of apoptotic cells following infection with
T3C84-MA and T3C84 were equivalent. These findings indicate that nonstructural protein o1s is not required
for reovirus growth in cell culture and does not influence the capacity of reovirus to induce apoptosis.

Therefore, reovirus replication does not require the full complement of virally encoded proteins.

Reoviruses contain a genome consisting of 10 discrete seg-
ments of double-stranded RNA (44). Each gene segment is
monocistronic with the exception of the S1 gene, which en-
codes two proteins, viral attachment protein o1 and nonstruc-
tural protein ols, in overlapping open reading frames (ORFs)
(15, 21, 37). Studies using reassortant viruses to investigate
mechanisms of reovirus pathogenesis indicate that the S1 gene
segregates with strain-specific differences in reovirus growth in
the intestine (4, 24), pathway of spread in the host (24, 25, 45),
tropism for neural tissues (25, 50, 51), inhibition of DNA
synthesis, (39, 46), and induction of apoptosis (35, 46, 47). In
addition, mutations in the S1 gene are selected during persis-
tent reovirus infections of cultured cells (23, 52, 55). For most
properties linked to the S1 gene, a direct association with the
ol protein has been deduced by the demonstration that a
particular phenotype is determined by viral attachment (9, 31,
42, 51) or by the identification of mutations in the deduced
amino acid sequence of o1 without an attendant change in ols
(2). For other S1-mediated properties, an association with o1
is inferred from studies using UV-irradiated virions (39, 40,
47), which are incapable of expressing ols. Thus, previous
studies of reovirus properties associated with the S1 gene have
not provided insight into the function or importance of non-
structural protein ols.

The existence of the 14-kDa o1s protein was first predicted
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upon the discovery that two discrete translation initiation sites
on s1 mRNAs were protected by ribosomes in RNase protec-
tion assays (27). Polyclonal antisera raised to peptides corre-
sponding to predicted antigenic regions of ols were used to
demonstrate by both immunoprecipitation and immunofluo-
rescence that o1s is expressed in murine 1.929 (L) cells infected
with type 3 reovirus and that o1s has a cytoplasmic localization
(8). Studies of the kinetics of ols expression indicate that ols
appears in reovirus-infected cells 8 to 12 h postinfection (6,
21). Additional work suggests that ols also is capable of trans-
location into the nucleus (3).

The ols ORF is maintained in every S1 gene sequence
determined to date and varies from 119 to 125 amino acids in
length (1, 2, 7, 9, 12, 14, 29, 30, 32, 55). Alignments of ols-
deduced amino acid sequences of prototype reovirus strains
type 1 Lang (T1L), type 2 Jones, and type 3 Dearing (T3D)
demonstrate that ols is highly divergent among strains of the
three reovirus serotypes, sharing only 18 identical amino acid
positions (14). Among 11 serotype 3 reovirus isolates, deduced
amino acid sequences of o1s share 59% sequence identity (12).
The only region of o1s conserved among all S1 gene sequences
of the type 3 strains analyzed thus far is a highly basic region of
approximately 8 to 12 amino acids near the amino terminus (7,
12, 30).

To characterize the role of ols in the reovirus life cycle, a
variant of type 3 reovirus that does not express ols was iden-
tified and studied. Two hybridomas expressing anti-o1s mono-
clonal antibodies (MADbs) were isolated, and these antibodies
were used to confirm that ols is not expressed by the viral
variant during infection of cultured cells. The requirement of
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ols for reovirus growth and cellular injury was determined in
assays of viral yield and apoptosis induction. Results of these
studies represent the first description of a viable reovirus null
mutant.

MATERIALS AND METHODS

Cells and viruses. Spinner-adapted murine 1.929 (L) cells were grown in either
suspension or monolayer cultures in Joklik’s modified Eagle medium (Irvine
Scientific, Santa Ana, Calif.) as previously described (9). Madin-Darby canine
kidney (MDCK) cells were grown in modified Eagle’s medium (Gibco BRL,
Gaithersburg, Md.) that was supplemented to contain 10% fetal bovine serum
(Intergen, Purchase, N.Y.), 2 mM L-glutamine, 100 U of penicillin per ml, 100 pg
of streptomycin per ml, and 250 ng of amphotericin per ml (Irvine). Spodoptera
frugiperda cells (Sf21 and High 5) (Clontech Laboratories, Palo Alto, Calif.) were
grown in Grace’s insect cell medium (Gibco) supplemented to contain 10% fetal
bovine serum, 2 mM L-glutamine, 50 U of penicillin per ml, and 50 pg of
streptomycin per ml. Sp2/0-Agl4 myeloma cells (American Type Culture Col-
lection, Rockville, Md.) and hybridoma cells were grown in Dulbecco’s modified
Eagle medium (Gibco) supplemented to contain either 10% (DMEM-10) or
20% (DMEM-20) fetal bovine serum, 20 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES) (Gibco), 1 mM sodium pyruvate (Gibco), 0.1 mM
nonessential amino acids (Gibco), 2 mM L-glutamine, 100 U of penicillin per ml,
100 pg of streptomycin per ml, and 250 ng of amphotericin per ml. Hybridoma
cells were selected in DMEM-20 containing 0.1 mM hypoxanthine, 0.4 uM
aminopterin, and 16 wM thymidine (HAT medium; Sigma, St. Louis, Mo.) and
subcloned in DMEM-20 supplemented to contain 5% Hybridoma Cloning Fac-
tor (Igen, Gaithersburg, Md.).

Reovirus strain T3D is a laboratory stock. The reovirus field isolate strain type
3 clone 84 (T3C84) was isolated from a human host (12, 36). T3C84-MA was
isolated by serial passage of T3C84 in murine erythroleukemia (MEL) cells as
previously described (9). Purified virions were prepared using second-passage
L-cell lysate stocks of twice-plaque-purified reovirus as previously described (18).
Baculovirus vector strains were derived from Autographa californica nuclear poly-
hedrosis virus (Clontech).

Expression and purification of epitope-tagged o1s. A cDNA of the T3D reo-
virus S1 gene segment was generated by reverse transcriptase PCR amplification
of purified reovirus double-stranded RNA, using primers specific for the non-
coding regions of the S1 gene as previously described (9). The S1 cDNA was
cloned into the pCR2.1 vector (Invitrogen, San Diego, Calif.), and this construct,
termed pCR2.1-S1, was used as a template to amplify the o1s ORF in subsequent
PCRs. The octapeptide FLAG epitope tag (Kodak, New Haven, Conn.) was
appended to the amino terminus of o1s by PCR amplification of the o1s ORF,
using primers containing FLAG-encoding sequences. This PCR product was
cloned into the pCR2.1 vector and then subcloned into the pBacPAKS transfer
vector (Clontech). Fidelity of the cDNA encoding the FLAG-o1s fusion protein
was confirmed by dideoxy chain-termination sequencing. Linearized BacPAK6
baculovirus genomic DNA (Clontech) and the recombinant pBacPAKS transfer
vector were cotransfected into Sf21 cells. Baculovirus recombinants arising from
the cotransfection were plaque purified on Sf21 cell monolayers, and second-
passage lysate stocks of recombinant baculovirus were generated by using Sf21
cells. The FLAG-o1s fusion protein was expressed in High 5 cells infected with
recombinant virus. Expressed ols protein in cell lysates was recovered using an
affinity gel containing FLAG-specific MAb M2 (Kodak). After washing, fusion
protein-containing affinity gel was heated at 100°C for 5 min in Laemmli sample
buffer (28) and FLAG-o1s protein was resolved using a preparative 14% poly-
acrylamide gel. Bands corresponding to FLAG-o1s (~15 kDa) were excised and
electroeluted. The eluate was dialyzed against 150 mM Tris-HCI (pH 7.4) and
concentrated using a Centricon filter (10,000 molecular weight cutoff) (Amicon,
Beverly, Mass.).

Expression and purification of ols as a fusion with MBP. The pCR2.1-S1
construct was used to amplify the o1s ORF by PCR, and PCR products encoding
full-length or truncated ols proteins were subcloned into the pMAL-c2 vector
(New England Biolabs, Beverly, Mass.). Three maltose-binding protein (MBP)-
ols constructs were generated: MBP plus full-length ols (MBP-o1s/1-120),
MBP plus ols amino acids 1 to 84 (MBP-01s/1-84), and MBP plus ols amino
acids 1 to 42 (MBP-o1s/1-42). The fidelity of cDNAs encoding the MBP-o1s
fusion proteins was confirmed by dideoxy chain-termination sequencing. Recom-
binant pMAL-c2 vectors were used to transform Escherichia coli DHS5a, which
was induced to express the fusion protein by the addition of 0.3 mM isopropyl-
B-p-thiogalactopyranoside. After 3 to 4 h of growth, cells were pelleted by
centrifugation and resuspended in column buffer (20 mM Tris-HCI [pH 7.4], 200
mM NaCl, 1 mM EDTA). Cells were lysed by sonication, and cellular debris was
removed by centrifugation. Fusion proteins were purified by affinity chromatog-
raphy using an amylose resin (New England Biolabs).

Indirect ELISA. Detection of ols-specific antibodies was performed by en-
zyme-linked immunosorbent assay (ELISA), using FLAG-a1s fusion protein as
antigen. EIA/RIA plates (Costar, Cambridge, Mass.) were coated with 100 ng of
FLAG-o1s per ml and incubated with primary antibody (cell culture superna-
tants or serum). Horseradish peroxidase-conjugated sheep anti-mouse secondary
antibody (Amersham, Arlington Heights, I1l.) was incubated with FLAG-o1s and
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primary antibody, followed by the addition of 2,2'-azinobis(3-ethylbenzthiazo-
line)-sulfonic acid substrate (Sigma). Color reactions were quantitated in a
Titertek Multiscan Plus ELISA plate reader (Flow Laboratories, McLean, Va.)
at a wavelength of 405 nm.

Generation and characterization of anti-o'1s MAbs. BALB/c mice were inoc-
ulated intraperitoneally with 50 pg of MBP-o1s fusion protein combined with
Ribi adjuvant (RIBI, Hamilton, Mont.). Booster inoculations were given every
3 weeks, and anti-o1s antibody titers were monitored by indirect ELISA with
FLAG-o1s fusion protein as antigen. Once antibody titers exceeded 1:1,000 by
ELISA, mice were boosted with MBP-g1s in the absence of adjuvant and spleens
were harvested 3 days later. Spleen cells were fused with Sp2/0-Agl4 myeloma
cells using polyethylene glycol 4000 (Merck, Gibbstown, N.J.), and the products
of each fusion were cultured on murine peritoneal macrophage feeder layers in
HAT medium. When hybridomas were 10 to 20% confluent, supernatants from
each colony were screened for anti-ols antibodies by indirect ELISA using
FLAG-o1s fusion protein as antigen. Cells from antibody-positive colonies were
subcloned by limiting dilution. When subcloned colonies were 10 to 20% con-
fluent, supernatants were again screened for anti-ols antibodies by indirect
ELISA. Hybridoma cells secreting anti-ols antibodies were injected into the
peritoneum of BALB/c mice, and ascitic fluid was harvested. MAbs were purified
using Econo-Pac protein-A chromatography columns (Bio-Rad). Isotyping was
performed using a capture ELISA hybridoma subtyping kit (Boehringer-Mann-
heim, Indianapolis, Ind.).

Immunoblot analysis of reovirus proteins. L cells were adsorbed with reovirus
strains at a multiplicity of infection (MOI) of 10 PFU per cell. After 0 to 28 h of
incubation at 37°C, cytoplasmic extracts were prepared by washing cells in phos-
phate-buffered saline (PBS) followed by incubation in hypotonic lysis buffer
(10 mM HEPES [pH 7.9], 10 mM KCIl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM
dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and a protease inhibitor
cocktail [5 pg of antipain per ml, 5 pg of aprotinin per ml, 5 pg of leupeptin per
ml, 0.5 pg of pepstatin per ml, 7.5 pg of bestatin per ml, 4 wg of phosphoramidon
per ml, and 5 pg of soybean trypsin inhibitor per ml]) at 4°C for 15 min. Nonidet
P-40 was added to a final concentration of 0.65% (vol/vol), samples were vor-
texed, and cell membranes and nuclei were pelleted by centrifugation.

Protein extracts from L cells were electrophoresed in either 14% sodium
dodecyl sulfate-polyacrylamide gels (28) (100 wg of total protein per lane) or
16.5% Tris-Tricine Ready Gels (Bio-Rad), transferred to a nitrocellulose mem-
brane, and preincubated in a solution of Tris-buffered saline (TBS) containing
0.05% Tween-20 and 5% low-fat dry milk. The membrane was incubated with
5 pg of primary antibody per ml diluted in TBS plus Tween-20 and milk. After
washing three times in TBS plus Tween-20, the membrane was incubated with
horseradish peroxidase-conjugated sheep anti-mouse secondary antibody (Am-
ersham) diluted 1:2,500 in TBS plus Tween-20 and milk. The membrane was
washed three times in TBS plus Tween-20, incubated with enhanced chemilu-
minescent reagent (Amersham), and exposed to Biomax MR film (Kodak).

Immunofluorescence of reovirus-infected L cells. L cells were grown on 12-mm
glass coverslips (VWR Scientific, Atlanta, Ga.) for 2 days prior to infection. Cells
were adsorbed with reovirus strains at an MOI of 10 PFU per cell at room
temperature for 1 h. After 12 h of incubation at 37°C, cells were washed with PBS
and fixed for 2 min in a 1:1 mixture of methanol and acetone. Cells were washed
three times with PBS and incubated 10 min in PBS containing 1% Triton X-100
(PBS/Triton). Nonspecific binding of antibody to cells was blocked by incubation
with 2% normal goat serum (NGS) diluted in PBS/Triton (PBS/Triton/NGS).
Cells were then incubated for 45 min with anti-o1s primary antibody (50 pg per
ml diluted in PBS/Triton/NGS). After three washes in PBS/Triton/NGS, cells
were incubated with biotinylated goat anti-mouse immunoglobulin G2a (IgG2a)
(diluted 1:1,000 in PBS/Triton/NGS) (Amersham) for 45 min. Cells were washed
three times in PBS/Triton/NGS and incubated with streptavidin-Cy2 conjugate
(Amersham) (diluted 1:1,000 in PBS/Triton/NGS), TO-PRO-3 (Molecular Probes,
Eugene, Ore.) (1:1,000), and anti-oNS MAb 2H7 cross-linked to Cy3 (10 g per
ml) for 45 min. Cy2, Cy3, and TO-PRO-3 were visualized separately with exci-
tation at 488, 543, and 643 nm, respectively, using a Zeiss LSM 410 confocal
microscope equipped with a 63X Plan-Apochromat 1.4 NA oil-immersion ob-
jective lens. Images were processed using Adobe Photoshop 4.0.

Quantitation of reovirus growth in L cells and MDCK cells. Cells (2 X 10°
cells) grown in 24-well tissue-culture plates (Costar) were infected with reovirus
strains at MOIs of 0.001 or 10 PFU per cell. Following viral adsorption for 1 h,
the inoculum was removed, 1.0 ml of fresh medium was added, and cells were
incubated at 37°C for defined intervals. Cells and culture media were frozen
(—=70°C) and thawed twice, and virus contained in cell lysates was titrated on
L-cell monolayers by plaque assay (48). In experiments to determine viral titer in
cell lysates and cell supernatants, cell culture medium was removed and replaced
with an equal volume of PBS prior to freezing of cells.

Quantitation of apoptosis by AO staining. L cells (2 X 10° cells) grown in
24-well tissue culture plates were infected with reovirus strains at an MOI of 100
PFU per cell. The percentage of apoptotic cells was determined by acridine
orange (AO) staining as previously described (13, 35, 47). Briefly, cells were
washed in PBS and incubated with trypsin-EDTA (Irvine). Cell culture medium,
the PBS wash, and trypsinized cells were combined and centrifuged. The cell
pellet was resuspended in approximately 25 pl of cell culture medium and
stained with 2 pl of a solution containing 100 g of AO (Sigma) per ml and 100
ng of ethidium bromide (Sigma) per ml. The percentage of cells exhibiting
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FIG. 1. (A) Linear depiction of the S1 gene and its protein products, o1 and
ols. Arrows indicate point mutations found in the S1 gene segment of T3C84-
MA. (B) Nucleotide sequences of the first nine codons of the o1s ORF of T3C84
and T3C84-MA. Amino acids in the single-letter code are shown above the cor-
responding nucleotide sequences in the S1 gene. A stop codon is shown at codon
7 in the T3C84-MA o1s sequence.

condensed chromatin was determined by epiillumination fluorescence micros-
copy using a fluorescein filter set (Nikon).

RESULTS

Identification of a o1s-null reovirus variant. Reovirus strain
T3C84, isolated from a human host in 1961 (12, 36), does not
bind to or grow in MEL cells. Serial passage of T3C84 in MEL
cells was used to select a viral variant that efficiently infects
these cells (9). MEL-adapted viruses were plaque purified, and
the S1 gene nucleotide sequence of a tenth-passage isolate
(T3C84-MA) was determined. The S1 gene sequence of this
strain was found to contain two point mutations (Fig. 1A). One
of these is a U to C transition at nucleotide position 616, which
results in a tryptophan to arginine substitution at amino acid
position 202 in the ol protein (Fig. 1A, Point Mutation #1).
The tryptophan to arginine mutation occurs in a region of ol
important for its binding to the reovirus receptor on MEL
cells, sialic acid (9, 11). The other point mutation in the
T3C84-MA S1 gene is an A to U transversion at nucleotide
position 89 (Fig. 1A, Point Mutation #2). This mutation re-
sults in a lysine to isoleucine substitution at amino acid posi-
tion 26 in ol and the introduction of a stop codon following
amino acid position 6 in ols (Fig. 1B).

Generation and characterization of anti-ols MAbs. To
determine whether ols is expressed in cells infected with
T3C84-MA, MAbs were generated for use in immunoblot and
immunofluorescence assays. Recombinant o1s protein was ex-
pressed as a fusion protein with the FLAG epitope (FLAG-
ols) in insect cells using a baculovirus expression system and
with MBP (MBP-o1s) in E. coli. Mice were immunized with
MBP-o1s and monitored by ELISA, using FLAG-o1s as anti-
gen, for production of antibodies against o1s. Using this strat-
egy, two ols-specific [gG2a MAbs, 2F4 and 3E2, were obtained
that are capable of immunoblotting, immunostaining, and im-
munoprecipitating ols from cells infected with type 3 reovirus.

To determine whether these antibodies bind independent
domains of the ols protein, full-length or truncated forms of
ols were expressed as fusion proteins with MBP (Fig. 2A) and
used as targets in immunoblot assays (Fig. 2B). MAb 2F4 rec-
ognized only the full-length ols fusion protein, MBP-o1s/1-
120, and did not bind either of the truncation mutants, MBP-
o1s/1-84 or MBP-01s/1-42. These data suggest that MAb 2F4
recognizes an epitope containing sequences in the carboxy-
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terminal one-third of ols (amino acids 85 to 120). MAb 3E2
recognized the full-length ols fusion protein and truncation
mutant MBP-o1s/1-84 but did not bind MBP-o1s/1-42. These
findings suggest that the epitope recognized by MAb 3E2 con-
tains sequences from the middle portion of o1s (amino acids 43
to 84) but not the carboxy-terminal one-third. Thus, o1s-spe-
cific MAbs 2F4 and 3E2 bind discrete antigenic regions of the
ols protein.

To determine the capacity of the anti-ols MAbs to detect
virally encoded o1s and to define the kinetics of a1s expression
in reovirus-infected cells, L cells were infected with T3D, and
immunoblotting with MAbs 2F4 and 3E2 was performed using
cell lysates prepared at various intervals after infection (Fig. 3
and data not shown). The results demonstrate that o1s expres-
sion is detectable in T3D-infected cells by 8 h postinfection,
consistent with previously published findings (21). Thus, MAbs
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FIG. 2. (A) Schematic of full-length and truncated forms of o'1s expressed as
fusion proteins with MBP. Sequences of the T3D o1s ORF were cloned into the
PMAL-c2 vector. MBP fusion proteins containing B-galactosidase, full-length
ols (MBP-01s/1-120), or truncations of a1s (MBP-o'1s/1-84 and MBP-o1s/1-42)
were expressed in E. coli and purified by affinity chromatography using an amy-
lose resin. (B) Immunoblot of MBP-o1s fusion proteins using MAbs 2F4 and 3E2.
The upper gel shows the MBP-B-galactosidase fusion protein as a control and the
three MBP-o 1s fusion proteins after electrophoresis in a 10% polyacrylamide gel
and staining with Coomassie blue (1 pg of protein per lane). The lower two gels
are immunoblots of the same four proteins (20 ng of protein per lane) using MAbs
2F4 and 3E2 (5 pg per ml). Molecular size markers are given in kilodaltons.
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FIG. 3. Time course of o1s and u1/pn1C expression during reovirus infection
of L cells. Cells were infected with either T3D, T3C84, or T3C84-MA at an MOI
of 10 PFU per cell and harvested at the time points indicated. Cytoplasmic
extracts were prepared and electrophoresed in a 14% polyacrylamide gel (100 p.g
of protein per lane), transferred to nitrocellulose, and blotted with either anti-
ols MAD 2F4 (5 pg per ml) or anti-p1/w1C MAb 8H6 (5 pg per ml).

generated against an MBP-o1s fusion protein bind native ols
produced in reovirus-infected cells.

Determination of o1s expression in T3C84- and T3C84-MA-
infected cells. Sequence analysis of the T3C84-MA S1 gene
suggested that o1s would not be expressed by this strain due to
the presence of a termination codon following amino acid
position 6 in the ols ORF. To confirm that T3C84-MA is
incapable of expressing ols, anti-ols MAb 2F4 was used to
assess als expression by immunoblot analysis (Fig. 3). Expres-
sion of o1s was detected in T3D-infected and T3C84-infected
L cells by 8 and 12 h postinfection, respectively; however, ols
was not detected in T3C84-MA-infected L cells throughout the
28-h time course (Fig. 3). As a control for efficient infection of
the cells, MAb 8H6 (49) was used to determine the levels of
expression of structural protein wl/w1C (Fig. 3). The findings
demonstrate that pu1/u1C was efficiently expressed in cells in-
fected with all three virus strains by 8 to 12 h postinfection.
Identical results were obtained using ols-specific MAb 3E2 in
experiments to assess als expression in T3C84-MA-infected
cells (data not shown). To exclude the possibility that down-
stream initiation products of o1s are expressed in cells infected
with T3C84-MA, lysates of T3D-, T3C84-, and T3C84-MA-
infected L cells were resolved in a 16.5% Tris-Tricine gel and
subjected to immunoblot analysis using MAb 2F4. No polypep-
tides smaller than full-length ols were detected in cells in-
fected with the three virus strains (data not shown). These
results demonstrate that neither full-length ols nor down-
stream initiation products of o1s are expressed in cells infected
with T3C84-MA.

To confirm these results and to determine the subcellular
localization of ols, immunofluorescence staining for ols in
reovirus-infected cells was performed by using confocal mi-
croscopy. L cells were either mock infected or infected with
T3D, T3C84, or T3C84-MA and stained with anti-ocls MAb
2F4 at 12 h postinfection (Fig. 4). Cells also were stained with
anti-oNS MAb 2H7 (19) as a control for reovirus infection.
Using this technique, ols and oNS were detected in T3D-
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infected and T3C84-infected cells, but only oNS was detected
in T3C84-MA-infected cells. To determine whether ols is ca-
pable of translocation to the nucleus, reovirus-infected cells
also were stained with TO-PRO-3, a nuclear dye (data not
shown). In cells infected with either T3D or T3C84, ols was
distributed throughout the cytoplasm and also was detected in
the nucleus, overlapping in distribution with TO-PRO-3; ols
was not concentrated at perinuclear sites of virus assembly (17,
34, 38). These data are consistent with immunoblot analyses of
lysates obtained from reovirus-infected L cells and indicate
that cells infected with T3C84-MA do not express ols.

Growth of T3C84 and T3C84-MA in L cells and MDCK cells.
To assess the importance of o1s in reovirus replication, strains
T3C84 and T3C84-MA were used to infect L fibroblast cells
and MDCK epithelial cells. Virus was adsorbed to both cell
types at an MOI of 10 PFU per cell, and virus titers were de-
termined in cell lysates at various times postadsorption (Fig.
5). After 48 h of growth in L cells, both T3C84 and T3C84-MA
produced titers of approximately 5 X 10® PFU per ml, repre-
senting greater than a 1,000-fold increase in viral yield. Fur-
thermore, T3C84 and T3C84-MA demonstrated identical growth
kinetics in L cells during the assay period and displayed no
significant differences in plaque morphology. In MDCK cells,
T3C84 and T3C84-MA produced titers of 1.1 X 10% and 2.2 X
107 PFU per ml, respectively, after 48 h of growth. These find-
ings suggest that the ols protein is not required for reovirus
growth in cell culture but that expression of ols may provide a
slight growth advantage in MDCK cells.

Growth of T3C84 and T3C84-MA in L cells and MDCK cells
after viral adsorption at a low MOL. To further assess whether
ols confers any advantage to reovirus replication in L cells or
MDCK cells, T3C84 and T3C84-MA were adsorbed to cells at
an MOI of 0.001 PFU per cell and viral titers were determined
at 24-h intervals for 7 days (Fig. 6). We reasoned that if ols
were responsible for a small contribution to viral growth, then
a difference in viral yield might be apparent in L cells after
several cycles of infection, and the fivefold difference observed
in MDCK cells would be enhanced. After 7 days of viral growth
in L cells, T3C84 and T3C84-MA reached titers of 8.6 X 107
and 5.2 X 107 PFU per ml, respectively. In MDCK cells, T3C84
and T3C84-MA reached maximal titers of 2.7 X 10* and 3.5 X
10* PFU per ml, respectively, over a 7-day growth period.
Therefore, after several cycles of viral replication, expression
of the als protein does not confer a discernible growth advan-
tage in either L cells or MDCK cells.

Yields of cell-free virus from cells infected with T3C84 and
T3C84-MA. In the experiments described above, viral yields
were determined by titrating virus from lysates of infected cells.
To determine whether ols plays a role in release of progeny
virions from cells infected with reovirus, L cells were adsorbed
with either T3C84 or T3C84-MA at an MOI of 10 PFU per cell
and virus titers were determined for both culture supernatants
and cell lysates at various times postadsorption (Fig. 7). After
48 h of growth, T3C84 and T3C84-MA produced titers of
approximately 7.5 X 107 and 5.9 X 10" PFU per ml, respec-
tively, in culture supernatants and 7.3 X 107 and 1.9 X 10® PFU
per ml, respectively, in cell lysates. Moreover, T3C84 and
T3C84-MA did not differ in the kinetics of viral release as
judged by accumulation of viral titer in culture supernatants
over time. Thus, the ols protein is not required for efficient
release of progeny virions from reovirus-infected cells.

Apoptosis induction by T3C84 and T3C84-MA in L cells.
Differences in the capacity of reovirus strains to induce apo-
ptosis in L cells (46, 47) and MDCK cells (35) have been
mapped to the S1 gene segment, which encodes both viral
attachment protein o1 and nonstructural protein ols. To di-
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T3D

T3C84

T3C84-MA

FIG. 4. Detection of o1s and NS expression in reovirus-infected L cells by immunofluorescence staining. Cells grown on glass coverslips were mock-infected or
infected with reovirus strains T3D, T3C84, or T3C84-MA at an MOI of 10 PFU per cell and fixed in methanol-acetone 12 h postinfection. Cells were incubated with
anti-o1s MAb 2F4 (50 pg per ml), followed by biotinylated goat anti-mouse IgG2a (1:1,000). Cells then were incubated with streptavidin-conjugated Cy2 and anti-cNS
MADb 2H7 cross-linked to Cy3 (10 pg per ml). Green fluorescence indicates o1s; red fluorescence indicates oNS. Immunofluorescence was visualized with a Zeiss LSM

410 confocal microscope.

rectly assess the role of ols in apoptosis, L cells were infected
with reovirus strains T3C84 and T3C84-MA and apoptosis was
quantitated using an AO staining assay (13, 47) (Fig. 8). AO
is a fluorescent dye that allows cells undergoing apoptosis to be
identified by the presence of condensed chromatin. T3C84 and
T3C84-MA induced equivalent levels of apoptosis using this
assay. This result indicates that the ols protein is not required
for apoptosis induction by reovirus.

DISCUSSION

Reovirus nonstructural protein o1s has no known function,
although it is expressed at detectable levels during reovirus
infection of cultured cells (6, 21) (Fig. 3 and 4). The fact that

the o1s ORF is conserved in every S1 gene sequence reported
to date, representing 28 independent reovirus isolates (1, 2, 7,
9, 12, 14, 29, 30, 32, 55), suggests that o1s confers some selec-
tive advantage to reovirus replication and plays an important
biological role. Examination of the deduced amino acid se-
quences of nonstructural proteins of other members of the
Reoviridae family does not reveal a homologue for the ols
protein (10). Moreover, protein database searches (GenBank
CDS translations, Brookhaven Protein Data Bank, SwissProt,
and Protein Information Resource) do not identify proteins
with significant primary sequence similarity to o1s (10). Thus,
the deduced amino acid sequence of ols does not lead to
obvious inferences about its function.
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FIG. 5. Growth of T3C84 and T3C84-MA in L cells (A) and MDCK cells
(B). Cells (2 X 10°) were infected with either T3C84 or T3C84-MA at an MOI
of 10 PFU per cell. After adsorption for 1 h, the inoculum was removed and cells
were incubated at 37°C for the times shown. Titers of virus in cell lysates were
determined on L-cell monolayers by plaque assay. The results are presented as
the mean viral titers for three independent experiments. Error bars indicate
standard deviations of the means.

The purpose of this study was to investigate the role of the
ols protein in reovirus infection by characterizing a type 3
reovirus variant, T3C84-MA, that does not express als. Reo-
virus strain T3C84-MA was isolated in a study of receptor-
binding mutants of field isolate strains of type 3 reovirus.
Nucleotide sequence analysis of the T3C84-MA S1 gene sug-
gested that o1s would not be expressed in cells infected with
this variant (9). Consistent with this prediction, full-length or
truncated forms of ols were not detected in T3C84-MA-
infected L cells using immunoblot (Fig. 3 and data not shown)
and immunofluorescence (Fig. 4) assays. These findings are in
contrast to those obtained using either parental strain T3C84
or prototype strain T3D in which o1s was found by immuno-
fluorescence to be distributed throughout the cytoplasm and
was detected at low levels in the nucleus. The finding that ols
is capable of nuclear translocation in reovirus-infected cells
confirms the results of a previous study that demonstrated
nuclear localization of ols in COS cells transfected with ols
(3).

Our findings clearly show that o1s expression is not required
for reovirus growth in cultured cells. Yields of T3C84 and
T3C84-MA following adsorption at an MOI of 10 PFU per cell
were equivalent after 48 h of growth in L cells (Fig. 5A) and
differed minimally after 48 h of growth in MDCK cells (Fig.
5B). As a more stringent means to assess the possible contri-
butions of o1s to reovirus growth in cell culture, we compared
the yields of T3C84 and T3C84-MA in L cells and MDCK cells
after several cycles of viral replication, following infection at a
low MOL. In these experiments, we again found no significant

J. VIROL.

differences in yields of T3C84 and T3C84-MA in either cell
type (Fig. 6). We also performed experiments to test whether
ols contributes to the release of progeny virions from reovi-
rus-infected cells. Similar to the results obtained in assays
of viral growth, we found no difference between T3C84 and
T3C84-MA in the kinetics or quantity of virus released into
culture supernatants of infected cells (Fig. 7). Therefore, these
results indicate that ols is dispensable for reovirus growth in
cell culture and demonstrate that reovirus infection of cultured
cells does not require the full complement of viral proteins.
Identification of T3C84-MA afforded the opportunity to di-
rectly test whether ols influences apoptosis induction by reo-
virus. In previous studies of reovirus-induced apoptosis of L
cells and MDCK cells, differences in the capacity of type 1 and
type 3 reovirus strains to induce apoptosis were linked by using
reassortant viruses to the S1 gene (35, 46, 47). UV-irradiated
reovirus virions, which are incapable of mediating viral protein
synthesis (40), induce apoptosis efficiently (47), which suggests
that ols is not involved in apoptosis induction. Concordantly,
in the context of productive reovirus infection, T3C84-MA and
its parent, T3C84, induced equivalent levels of apoptosis as
determined by AO staining (Fig. 8). In a previous study, over-
expression of T3D ols in murine C127 cells appeared to in-
crease the cytopathicity of T1L and T3D (16), suggesting that
the ols protein plays a role in reovirus-induced cell death.
However, our findings indicate that apoptosis, which serves as
an important mechanism of reovirus-induced cytopathicity in
cell culture (35, 46, 47) and in vivo (33), is not affected by the
absence of ols protein. These results support the hypothesis
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FIG. 6. Growth of T3C84 and T3C84-MA in L cells (A) and MDCK cells (B)
after viral adsorption at a low MOL. Cells (2 X 10°) were infected with either
T3C84 or T3C84-MA at an MOI of 0.001 PFU per cell. After adsorption for 1 h,
the inoculum was removed and cells were incubated at 37°C for the times shown.
Titers of virus in cell lysates were determined on L-cell monolayers by plaque
assay. The results are presented as the mean viral titers for three independent
experiments. Error bars indicate standard deviations of the means.
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FIG. 7. Yields of T3C84 and T3C84-MA in L-cell culture supernatants (A)
and cell lysates (B). L cells (2 X 10°) were infected with either T3C84 or
T3C84-MA at an MOI of 10 PFU per cell. After adsorption for 1 h, the inoculum
was removed and cells were incubated at 37°C for the times shown. Virus in
culture supernatants and cell lysates was titrated on L-cell monolayers by plaque
assay. The results are presented as the mean viral titers for three independent
experiments. Error bars indicate standard deviations of the means.

that o1, and not ols, is the S1 gene product responsible for
mediating differences in the capacity of reovirus strains to
induce apoptosis.

Since ols is not required for reovirus infection of cultured
cells or for the induction of apoptosis, strict retention of the
ols ORF strongly suggests that the o1s protein is important for
viral growth or spread in vivo. There are ample precedents for
viral proteins that are not required for growth in cultured cells
yet play important roles in virus-host interactions (reviewed in
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FIG. 8. Apoptosis induction by T3C84 and T3C84-MA in L cells. Cells (2 X
10°) were infected with either T3C84 or T3C84-MA at an MOI of 100 PFU per
cell. After adsorption for 1 h, cells were incubated at 37°C for the indicated times
and stained with AO. The results are expressed as the mean percentage of cells
undergoing apoptosis for three independent experiments. Error bars indicate
standard deviations of the means.
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reference 53). For example, the adenovirus E3 19-kDa protein
is dispensable for viral replication in cultured cells (26) but
modulates the host immune response by blocking cell surface
expression of major histocompatibility complex (MHC) class I
antigens (5). Similarly, the human cytomegalovirus US11 gene
product, though not required for efficient growth in cell culture
(22), down regulates MHC class I expression by targeting these
molecules for proteosomal degradation (54). If ols plays an
important role in reovirus replication in vivo, a ols-negative
strain such as T3C84-MA would be expected to display altered
virulence in comparison to wild-type reovirus. Because T3C84-
MA and its parental strain, T3C84, also differ in the capacity to
bind sialylated receptors (9), differences in the pathogenicity of
these strains are not necessarily attributable to ols function.
To address this issue, we currently are attempting to isolate a va-
riant of T3C84 that binds sialic acid and retains the o1ls ORF.

Studies of other members of the Reoviridae family indicate
that these viruses can tolerate genomic deletions and rear-
rangements yet retain the capacity to replicate in cell culture,
albeit with less efficiency than wild-type viruses. For example,
nondefective rotavirus strains have been described with dele-
tions, truncations, or rearrangements of gene 5, which encodes
NSP1 (20, 41, 43). In each of these cases, rotaviruses express-
ing truncated or rearranged NSP1 proteins exhibit reduced
viral yields or decreased plaque size, suggesting that NSP1
affects the efficiency of viral growth. To our knowledge, reovi-
rus strain T3C84-MA represents the first viable null mutant of
mammalian reovirus and the first null mutant of the Reoviridae
family without a detectable defect in viral growth.

Results presented here establish that reovirus nonstructural
protein ols is not required for efficient viral growth in cell cul-
ture, making it unique among reovirus proteins. These results
also suggest that the ols protein plays a role in virus-host in-
teractions in vivo. Our future studies will focus on the delin-
eation of ols-mediated effects on viral replication, cytopathol-
ogy, and pathogenesis in mammalian hosts.
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