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COS cells transfected with plasmids that activate DAI depend on expression of virus-associated I (VAI) RNA
to prevent the inhibitory effects of the a subunit of eukaryotic initiation factor 2 (eIF-2cx) kinase (DAI) and
restore the translation of vector-derived dihydrofolate reductase mRNA. This VAI RNA requirement could be
completely replaced by reovirus polypeptide cr3, consistent with its double-stranded RNA (dsRNA)-binding
activity. S4 gene transfection of293 cells also partially restored adenovirus protein synthesis after infection with
the VAI-negative d1331 mutant. In d1331-infected 293 cells, eIF-2a was present mainly in the acidic,
phosphorylated form, and trans complementation with polypeptide (73 or VAI RNA decreased the proportion
of eIF-2a(P) from -85 to -30%o. Activation of DAI by addition of dsRNA to extracts of S4 DNA-transfected
COS cells required 10-fold-higher levels of dsRNA than extracts made from cells that were not producing
polypeptide cr3. In extracts of reovirus-infected mouse L cells, the concentration of dsRNA needed to activate
DAI was dependent on the viral serotype used for the infection. Although the proportion of eIF-2a(P) was
greater than that in uninfected cells, most of the factor remained in the unphosphorylated form, even at 16 h
after infection, consistent with the partial inhibition of host protein synthesis observed with all three viral
serotypes. The results indicate that reovirus polypeptide o3 participates in the regulation of protein synthesis
by modulating DAI and eIF-2a phosphorylation.

A strategy often used by infected animal cells to block
virus propagation involves repression of translation initia-
tion by the inhibitory action of DAI, the interferon-induced,
double-stranded (ds) RNA-activated kinase (11, 31). The
substrate for this highly specific kinase is the a subunit of
eukaryotic initiation factor 2 (eIF-2a). This factor com-
plexed with GTP targets the methionine initiator tRNA to
the 40S ribosomal subunit (10). The subsequent joining of the
60S subunit to form 80S initiation complexes is dependent on
hydrolysis of the GTP. For continued catalysis of initiation
by eIF-2, the resulting GDP must be replaced by GTP in a
process that is mediated by a guanine nucleotide exchange
factor (29). However, eIF-2-GDP complexes that contain an
a subunit phosphorylated by DAI bind to the exchange
factor with higher affinity, preventing eIF-2 recycling and
resulting in loss of translation initiation (28).
A number of animal viruses have evolved mechanisms to

evade the cellular interferon response by eliciting inhibitors
of DAI. For example, vaccinia virus codes for a specific
kinase inhibitory factor, a dsRNA-binding protein that can
prevent DAI activation (1). The vaccinia virus K3L protein
also inhibits DAI activation and may act as a kinase decoy in
vaccinia virus-infected cells (5) by virtue of its high sequence
homology to the region of eIF-2a that is phosphorylated by
DAI (3). Influenza virus infection activates a 58-kDa cellular
protein that counteracts DAI function (22, 23). In adenovi-
rus-infected cells, virus-associated I (VAI) RNA interacts
with DAI to prevent activation by dsRNA (26), and short
human immunodeficiency virus transcripts containing the
Tat-responsive TAR region may act similarly to inhibit DAI
activation and preserve viral protein synthesis (9).
Mammalian reoviruses also express gene products that
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can influence translation apparently by modulating DAI. The
reovirus S4 gene encodes polypeptide c3, a major outer
capsid protein that binds dsRNA (13, 32). Consistent with its
dsRNA-binding activity, a3 stimulates translation of re-
porter gene mRNA, e.g., chloramphenicol acetyltransferase,
during transient coexpression in COS cells (7) and probably
corresponds to the DAI inhibitor in extracts of reovirus-
infected mouse L cells (15). In contrast to the translation
stimulatory activity of u3 in transfected cells, the S4 gene
has been implicated in serotype-specific inhibition of host
mRNA translation in reovirus-infected cells (35). These
phenotype mapping results support a function for o3 in
translation. However, they also potentially create a paradox,
i.e., stimulation of reporter gene expression by u3 in trans-
fected cells versus S4 gene segregation with host inhibition
in infected cells.
To explore the role of the S4 gene in protein synthesis, we

analyzed the effects of u3 on DAI activation, eIF-2a phos-
phorylation, and translation in transfected cells and in cells
infected with reovirus and adenovirus. The results demon-
strate that the reovirus S4 gene can substitute for VAI RNA
under conditions that require inhibition of DAI in order to
facilitate initiation of mRNA translation. They suggest fur-
ther that protein synthesis is regulated in reovirus-infected
cells by the availability of polypeptide a3 to modulate DAI
activation.

MATERIALS AND METHODS

Virus and cells. Reovirus serotype 1 Lang strain, type 2
Jones, and type 3 Dearing as well as mouse L929 cells were
obtained from the American Type Culture Collection. Ade-
novirus type 5 was from Daniel Klessig (Rutgers Universi-
ty), and the VAI-negative adenovirus mutant dl331 was
provided by Robert Schneider (New York University Med-
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ical Center). Monkey kidney COS-7 cells obtained from
Bryan Cullen (Duke Medical Center), COS-1 cells from
Daniel Klessig, and human embryonic kidney 293 cells from
Michael Mathews (Cold Spring Harbor Laboratory) were
grown in Dulbecco modified Eagle medium (DMEM) with
10% fetal bovine serum (FBS). L929 cells were grown in
minimal essential medium supplemented with 5% heat-inac-
tivated FBS.
For virus infections, L929 or 293 cells were seeded at 106

cells per 35-mm dish. The medium was aspirated 16 h later
and replaced with -0.1 to 0.5 ml of phosphate-buffered
saline (PBS) containing virus at the indicated multiplicity of
infection. After virus absorption at 37°C for 2 h, the cells
were refed with medium supplemented as appropriate.

Plasmids and transient transfections. pBR322-based vec-
tors pD61 and p91023 containing the dihydrofolate reductase
(DHFR) gene under control of the adenovirus major late
promoter were provided by Randal Kaufman (Genetics
Institute). p91023, but not pD61, also carries the adenovirus
sequence coding for VAI and VAII RNA. pt3S4, which
expresses reovirus type 3 polypeptide u3 under control of
the Rous sarcoma virus long terminal repeat promoter, and
pt3S4inv, in which the 5' two-thirds of the S4 gene is
inverted, have been described previously (7). COS cells
were transfected by the DEAE-dextran procedure essen-
tially as described previously (18).

Transfection of 293 cells with pMHVA (from M. Mathews
(27]) or pCMVS4, prepared by inserting S4 in place of the
adenovirus E1B 19-kDa gene in pCMV19K (from Eileen
White, Center for Advanced Biotechnology and Medicine),
was done by coprecipitation ofDNA with calcium phosphate
(38) according to the supplier's instructions (GIBCO-BRL
transfection system). Briefly, calcium phosphate was added
to plasmid DNA mixed with 1 x HEPES (N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid)-buffered saline. The
mixture was added to subconfluent 293 cells in 12-well
culture plates with 1.5 ml of DMEM containing 10% EBS.
After incubation overnight, the DNA-containing medium
was replaced with DMEM and 10% FBS and incubated at
370C.

[35SJmethionine labeling. Cells were incubated in methio-
nine-free DMEM without serum for 1 h at 370C at the
indicated times after transfection and/or infection. The me-
dium was then replaced with 1 ml of methionine-free DMEM
(without FBS) containing 100 ,Ci of [35S]methionine per
35-mm plate (specific activity, 1,000 Ci/mmol; Amersham
Corp., Arlington Heights, Ill.). After 30 to 60 min, an
additional 1 ml of DMEM (with methionine) was added for
15 min as a chase. The medium was removed by aspiration,
and the cells were washed with PBS before lysis by incuba-
tion for 5 min at room temperature in 0.5 ml of radioimmu-
noprecipitation assay buffer (RIPA; 0.1% sodium dodecyl
sulfate [SDS], 1% Triton X-100, 1% sodium deoxycholate,
0.15 M NaCl, 0.01 M Tris-HCl [pH 7.4], 1 mM EDTA, 0.25
mM phenylmethylsulfonyl fluoride). Samples transferred to
Eppendorf tubes were clarified by centrifugation at 16,000 x
g for 10 min, and the supernatants were boiled in electro-
phoresis loading buffer before analysis by SDS-polyacryl-
amide gel electrophoresis (20).
DAI phosphorylation. S10 extracts were prepared from

virus-infected or transfected cells (30) and assayed for DAI
activation by autophosphorylation. Cell protein (5 pg) and
purified reovirus dsRNA as indicated were combined in a
10-,ul reaction mixture (20 mM HEPES [pH 7.5], 50 mM
KCI, 4 mM MgCl2, 1.5 mM dithiothreitol, 0.1 mM ATP)
supplemented with 10 ,Ci of [(y-32P]ATP (specific activity,

3,000 Ci/mmol; Amersham) and incubated for 10 min at
31°C; this was followed by the immediate addition of NaF to
20 mM. The sample was diluted to 100 pl with TENN buffer
(50 mM Tris-HCl [pH 7.4], 5 mM EDTA, 150 mM NaCl,
0.5% Nonidet P-40), and 10 ,ul of a 10% solution of washed
Pansorbin (Calbiochem) was added. After centrifugation to
remove the Pansorbin, the supernatant was incubated with 1
p,l of a monoclonal antibody directed against an Escherichia
coli-expressed clone of DAI (kindly provided by T. Shenk,
Princeton University). After incubation for 60 min, 30 p,l of
Pansorbin was added, and 10 min later, the Pansorbin and
attached antibody complexes were pelleted (16,000 x g, 1
min) and washed five times in TENN before resuspension in
buffer for analysis by SDS-PAGE.

Vertical slab isoelectric focusing. Cell pellets were resus-
pended at 3 x 106 cells per ml in PBS, and 40 ,ul was added
directly to 60 mg of urea and 15 p,l of 7x sample buffer (lx
is 3% ampholines mixed 1:4 [3-10:5-7], 2% 3-mercaptoeth-
anol, 0.4% Nonidet P40). Samples were kept on ice and
brought to room temperature 30 min before analysis by
vertical slab isoelectric focusing (33). Urea gels containing
5.2% acrylamide, 0.29% bisacrylamide, 3% ampholines
mixed 1:4 (3-10:5-7), and 9 M urea (16.5 g in a 30-ml total
volume) were prefocused for 15 min at 200 constant volts
(V), 30 min at 300 V, and 30 min at 400 V in electrode
solutions of degassed 20 mM NaOH (upper) and 10 mM
phosphoric acid (lower). The upper buffer was replaced with
fresh buffer when the samples were loaded. Electrophoresis
was done at 3 W constant power for 16 h and then 800 V for
60 min.

eIF-2a assay. Polypeptides in vertical slab isoelectric
focusing gels were electrotransferred to an Immobilon P
membrane (polyvinylidene difluoride; Millipore) for 60 min
at 10 V in 0.7% acetic acid with a Bio-Rad semi-dry transblot
apparatus. The blot was then fixed in 0.5% glutaraldehyde in
PBS for 30 min, washed three times for 10 min each in TBS
(10 mM Tris-HCl [pH 7.5], 0.15 M NaCl), and blocked by
incubation for 1 h at 37°C with 3% bovine serum albumin
(BSA) in PBS before incubation with a monoclonal antibody
to eIF-2a (from Edgar Henshaw, University of Rochester).
After incubation with the antibody diluted 1:1,000 in 1%
BSA for 1 h, the blot was washed four times for 5 min with
PBS containing 0.05% Tween 20 and then incubated with
horseradish peroxidase-conjugated goat anti-mouse immu-
noglobulin G (Bio-Rad) in 1% BSA for 1 h at room temper-
ature. The blot was subsequently washed four times for 5
min in PBS with 0.05% Tween 20 before detection of the
eIF-2a with an enhanced chemiluminescence detection sys-
tem (Amersham).

RESULTS

Replacement of adenovirus VAI by reovirus S4 gene expres-
sion. Transient transfection with the adenovirus VAI gene
can stimulate the expression of the reporter gene for DHFR
by greater than 10-fold (19). An analogous stimulation of
CAT expression has been observed with the reovirus S4
gene (7). The mechanism of action of VAI RNA in restoring
translation by preventing the inhibitory effect of DAI has
been well documented (26). It was therefore of interest to
assess the ability of the reovirus S4 gene to replace VAI in a
system in which translation is dependent on DAI inhibition.
Expression of DHFR in COS cells transfected with the

VAI-negative pD61 is severely repressed, apparently due to
localized activation of DAI by symmetrical plasmid tran-
scription (2, 18). This inhibitory effect was overcome in
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FIG. 1. Replacement of VAI RNA by polypeptide cr3 in a trans-

fection system dependent on DAI inhibition for translation of
plasmid-derived DHFR mRNA. COS-1 cells were cotransfected
with 1.0 FLg of DHFR-containing vector p91023 (VAI+) or pD61
(VAI-) and 1.0 pg of either pt3S4 (S4+) or pt3S4inv (S4-). At 48 h
after transfection, cells were radiolabeled with [35S]methionine, and
lysates of duplicate cultures were analyzed by SDS-PAGE and
autoradiography. Positions of marker polypeptides are shown on the
left, and the arrow indicates the DHFR band. Note also the band of
cr3 migrating slightly below the 43-kDa marker in lanes 4 and 5.

p91023-transfected cells in which expression of VAI RNA
rescued translation of the plasmid-derived DHFR mRNA.
On the basis of its dsRNA-binding activity and enhancement
of chloramphenicol acetyltransferase expression, it was pre-
dicted that cr3 would replace VAI RNA and restore the
translation of DHFR mRNA in pD61-transfected COS cells.
Conversely, the presence of the S4 gene was expected to
have little or no effect on reporter mRNA translation in
p91023-transfected cells. As shown for duplicate samples in
Fig. 1, pD61-transfected cells expressed very little DHFR in
the absence of the VAI or S4 gene (lane 2). However, when
serotype 3 polypeptide cr3 was produced by cotransfection
with pt3S4, reporter mRNA translation was markedly in-
creased (Fig. 1, lane 4) to a level similar to that in VAI
RNA-producing, p91023-transfected cells (lane 3). Expres-
sion of cr3 in pt3S4-p91023 cotransfected cells had little
additional effect on DHFR synthesis (Fig. 1, lane 5). Similar
results were obtained with plasmids expressing the reovirus
type 1 or type 2 polypeptide cr3 (24). In other experiments,
DHFR expression from the VAI RNA-independent pMT2
vectors was unaffected by cotransfection with the S4 gene
(24), consistent with dsRNA activators not being produced
from these pUC18-based vectors (18).
To confirm that the stimulation of the reporter DHFR

occurred at the level of mRNA translation, as reported
previously for chloramphenicol acetyltransferase stimula-
tion (7), we assayed steady-state levels of transcripts by
Northern (RNA) blot analysis with a radiolabeled EcoRI
fragment of DHFR DNA as probe. The amount of DHFR
mRNA in all samples was similar and varied by less than
twofold (24).

S4 complementation of d1331. The adenovirus VAI-nega-
tive mutant d1331 replicates poorly in 293 cells (36) because
of its inability to block the activation of DAI that is mediated
by overlapping viral transcripts (25). In d1331-infected cells,
80 to 90% of eIF-2a is in the phosphorylated state, resulting
in almost complete inhibition of both viral and cellular
protein synthesis. VAI RNA produced in trans from a
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FIG. 2. trans complementation of adenovirus protein synthesis

by polypeptide cr3 in cells infected with the VAI-negative mutant.
Human 293 cells were transfected with the indicated amounts of
pCMVS4 (S4) or pMHVA (VAI) and infected 24 h later with 20 PFU
of wild-type (wt) adenovirus 5 or the VAI-negative d1331 mutant per
cell. Cells were labeled with [35S]methionine at 20 h after infection,
and lysates were analyzed by SDS-PAGE and autoradiography.

transfected plasmid can partially restore translation in ade-
novirus-infected cells (27).
The finding that the reovirus S4 gene can replace VAI

RNA function in transfected COS cells encouraged us to test
the effects of S4 gene expression in adenovirus-infected
cells. Human 293 cells were transfected with pCMVS4, a
vector containing the S4 gene driven by the cytomegalovirus
promoter, or with pMHVA, which expresses VAI RNA
from the intragenic control region that functions as the
polymerase III promoter. Transfected cells were allowed to
express the plasmid-encoded genes for 24 h before infection
with d1331 at a multiplicity of infection of 20 PFUrPer cell. At
20 h postinfection, the cells were labeled with [ S]methio-
nine and analyzed by SDS-PAGE to ascertain the extent of
translational restoration by the plasmid expressed genes.
The results in Fig. 2 demonstrate that the VAI gene ex-
pressed in trans restores late viral protein synthesis in a
DNA concentration-dependent manner. Translation stimu-
lation by plasmid-derived VAI RNA was almost complete at
2 p,g of VAI-expressing plasmid and corresponded to -80%
of the level of late viral protein synthesis in wild-type
infections (Fig. 2, lanes 7 and 8). Viral protein synthesis was
also partially restored by expression of the transfected S4
gene but notably less well (Fig. 2, lanes 2 to 4). Although c3
expression increased in parallel with pCMVS4 DNA concen-
tration, the maximum restoration was only -20% of wild-
type-infected cell levels and was achieved at 1 ,ug of plasmid
DNA. This result suggests that cr3 was less effective than
VAI RNA in preventing the phosphorylation of eIF-2a in
adenovirus-infected 293 cells. It may also reflect the replace-
ment of a (VAI) RNA function by a polypeptide (or3) under
conditions of repressed protein synthesis.
DAI in reovirus-infected cells. The presence of DAI in

reovirus-infected cells was measured by autophosphoryla-
tion of the kinase in extracts prepared at 16 h after infection.
The extracts were incubated with [-y-32P]ATP, immunopre-
cipitated with a DAI-specific antibody, and visualized by
SDS-PAGE and autoradiography. As shown in Fig. 3,
dsRNA-activatable DAI was present in extracts of cells
infected with each of the three reovirus serotypes. In other
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FIG. 3. Activation of DAI by addition of dsRNA to extracts of
reovirus-infected mouse L929 cells. Lysates were prepared at 16 h
after infection with 10 PFU of the indicated reovirus serotype per
cell. DAI activation was assayed by autophosphorylation in lysates
incubated with [y-32P]ATP and dsRNA, immunoprecipitation, SDS-
PAGE, and autoradiography as described in Materials and Methods.

FIG. 5. Decreased phosphorylation of eIF-2a in d1331-infected
cells transfected with VAI or S4 DNA. Human 293 cells were mock
transfected (lane M) or transfected with 5.0 pg of pCMVS4 (lane S4)
or pMHVA (lane VAI) and 24 h later were infected with 20 PFU of
the adenovirus d1331 mutant per cell. S10 extracts prepared 20 h
after infection were analyzed for eIF-2a by vertical slab isoelectric
focusing and Western blotting (immunoblotting) as described in
Materials and Methods. The lower band in the autoradiogram
corresponds to eIF-2a(P), the phosphorylated, more acidic form of
eIF-2a. The fraction of eIF-2a(P) in the M, S4, and VAI samples as
measured by densitometry corresponded to 85, 30, and 30%, respec-
tively.

experiments, extracts of mock-infected L cells were shown
to contain at least 10-fold-less activatable DAI, with maxi-
mal activation at a dsRNA concentration of 0.01 ,ug/ml (24).
In infected cell extracts, the levels of DAI activation in-
creased in response to addition of dsRNA and characteris-
tically decreased at higher dsRNA levels (14). The minimal
amount of exogenous dsRNA needed to detect phosphory-
lated DAI in extracts of type 2-infected cells was severalfold
less than for type 1 and type 3 infections, and maximal
phosphorylation required approximately five times more
dsRNA in type 3 extracts (Fig. 3). These findings suggest
that the amount of a3 available to bind exogenous dsRNA
and prevent DAI activation was less in extracts of type 1-

and 2-infected cells than in extracts of type 3-infected cells.
However, correlations of cr3 and DAI levels are complicated
by the presence in infected cells of other viral products that
can also influence DAI activation, as discussed below.
DAI in S4 gene-transfected cells. To determine whether the

presence of ar3 influences DAI activation in uninfected cells,
we also assayed extracts prepared from COS-7 cells trans-
fected with pt3S4 or pt3S4inv for DAI phosphorylation (Fig.
4). Maximal phosphorylation of DAI required ten times more
dsRNA in extracts that contained cr3, consistent with its
dsRNA-binding activity. Since only 30% of the COS cells
were transfected as determined by immunofluorescence with
cr3-specific antibody (data not shown), the band correspond-
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FIG. 4. Increased dsRNA requirement for DAI activation in
extracts of cells containing polypeptide cr3. COS-7 cells were
transfected with 2.0 ,ug of pt3S4 (S4) or pt3S4inv (Inv). DAI activity
was assayed 48 h later by autophosphorylation in lysates incubated
with [-y- 2P]ATP and dsRNA, immunoprecipitation, and SDS-
PAGE. Arrow indicates DAI.

ing to the phosphorylated kinase was noticeably weaker than
in reovirus-infected mouse L cells.

Phosphorylation of elF-2a in d1331-infected 293 cells. Inhi-
bition of protein synthesis was essentially complete in 293
cells infected with the adenovirus d1331 mutant, and late
viral protein synthesis was partially restored by polypeptide
cr3 (Fig. 2). It was therefore of interest to test the effect of S4
transfection on eIF-2a phosphorylation in these cells. As
shown in Fig. 5 and observed previously (12), eIF-2a was
mostly in the phosphorylated state in adenovirus d1331-
infected 293 cells (lane M). Transfection with pMHVA
before infection decreased the proportion of the phosphory-
lated form of eIF-2a from 85 to 30% (Fig. 5, lane VAI).
Transfection with the reovirus S4 gene similarly blocked
eIF-2a phosphorylation (Fig. 5, lane S4), although, as al-
ready noted, the restoration of viral protein synthesis by
polypeptide a3 in d1331-infected 293 cells was less than with
VAI RNA.

Protein synthesis and eIF-2a phosphorylation in reovirus-
infected mouse L cells. Mouse L cells were infected with one
of the three reovirus serotypes and labeled with [35S]methio-
nine at 21 h postinfection to examine the effects of infection
on protein synthesis. As observed in early studies (39), host
protein synthesis was decreased by reovirus infection, but
the essentially complete shutoff of cellular mRNA transla-
tion by type 2 virus reported previously (35) was not
apparent (Fig. 6). The level of protein synthesis was simi-
larly and partially diminished in cells infected with reovirus
serotype 1, 2, or 3. Consistent with maintenance of cellular
protein synthesis, the phosphorylated form of eIF-2a was
only slightly increased in reovirus-infected cells (Fig. 7).

DISCUSSION

Modulation of DAI activity and eIF-2a phosphorylation is
a recurrent theme for regulating protein synthesis at the level
of initiation. It has been described in animal cells exposed to
various conditions of stress including infection with different
viruses and recently was shown to mediate GCN4-specific
translational control in yeast cells starved for amino acids
(6). To explore the role of the reovirus S4 gene in the
regulation of mammalian cell protein synthesis, we exam-
ined the molecular basis for polypeptide cr3 translational
enhancement of reporter gene expression in transiently
transfected COS cells. The first insights that this viral
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FIG. 6. Analysis of radiolabeled proteins in reovirus-infected
mouse L929 cells. Cells were mock infected (lane M) or infected
with reovirus serotype 1, 2, or 3 at a multiplicity of infection of 80
PFU per cell (types 1 and 3 were absorbed in 0.1 ml PBS and type
2 was absorbed in 0.5 ml). At 21 h after infection, cells were labeled
with [35S]methionine, and lysates were analyzed by SDS-PAGE and
autoradiography.

dsRNA-binding protein may function to modulate DAI acti-
vation came from studies on adenovirus VAI RNA, which
also can stimulate the translation of plasmid-derived mRNAs
in transfected cells (2, 18, 19). VAI RNA interacts with DAI
to block dsRNA activation and prevents eIF-2ca phosphory-
lation and translational inhibition. Cotransfection of a plas-
mid carrying the reovirus S4 gene substituted for VAI RNA
and promoted the expression of reporter DHFR from DAI-
activating plasmids (Fig. 1). These results demonstrate that,
like VAI RNA, polypeptide cr3 can block DAI activation and
preserve initiation of mRNA translation.
The reovirus polypeptide was also shown to replace VAI

RNA function in an adenovirus infection. Human 293 cells
infected with the VAI-negative adenovirus mutant d1331
produced 10-fold-lower amounts of viral proteins than wild-
type-infected cells at late times in the replicative cycle. This
defect was corrected by transfection before infection with
plasmids that express VAI RNA (27). trans complementa-
tion for viral protein synthesis was also obtained by S4 gene

transfection of d1331-infected 293 cells (Fig. 2). In contrast to
the VAI gene, increasing the S4 DNA did not result in a

parallel increase in the synthesis of viral proteins. However,
the lower efficiency of enhancement with S4 relative to VAI

M Tl T2 T3

FIG. 7. Phosphorylation state of eIF-2a in reovirus-infected
L929 cells. Cells were mock infected (lane M) or infected with
reovirus type 1 (lane T1), 2 (lane T2), or 3 (lane T3) at a multiplicity
of infection of -80. Lysates prepared at 21 h postinfection were

analyzed by vertical slab isoelectric focusing and Western blotting
as described in Materials and Methods. The relative amounts of
eIF-2a(P) as measured by densitometry were: lane M, 6%; lane Ti,
8%; lane T2, 15%; and lane T3, 10%.

is not surprising since the latter functions at the RNA level,
while the S4 effect depends on synthesis of polypeptide cr3
under conditions in which translation is repressed. Although
the different nature of the adenovirus and reovirus products,
i.e., RNA versus protein, implies that their molecular mech-
anisms of translational enhancement differ in specific details,
it is clear that cr3 can substitute for VAI RNA in a transient
expression system that is dependent on DAI inhibition, as
well as in adenovirus-infected 293 cells in which viral protein
synthesis requires VAI RNA or a VAI RNA-like activity to
inhibit DAI.
To measure the effect of cr3 on DAI more directly and to

assess its possible significance in reovirus infections, we
assayed extracts of infected L cells for DAI activation by
autophosphorylation. Maximal levels of activation were
dependent on both the time after infection and the amount of
dsRNA added to cell extracts, presumably reflecting cr3
content. In addition, the concentration of dsRNA needed for
optimal DAI activation was dependent on the viral serotype.
Extracts of type 2-infected cells required the lowest level of
dsRNA to detect activation of DAI; severalfold more
dsRNA was needed to see activation in extracts of cells
infected with type I virus, and type 3 infections required the
highest dsRNA concentration for maximal activation (Fig.
3). In extracts made at earlier times after infection, e.g., 9 h
postinfection, DAI was activated by lower levels of dsRNA
(24), consistent with the suggestion that the increasing
amounts of newly produced viral proteins, notably cr3,
influence the levels of DAI activation in reovirus-infected
cells. Although it would be of interest to determine directly
the levels of endogenously activated DAI in cells infected
with the different reovirus serotypes, attempts by 32p label-
ing were unsuccessful (24). A relatively low level of cr3 in
type 2-infected cells would predict more activated DAI and
correlate with the extensive shutoff of host translation re-
ported previously (35). Conversely, the greater interferon
resistance of type 1 replication than type 3 replication (16)
would imply that there is less activated DAI (and more cr3) in
interferon-treated cells infected with type 1 compared with
type 3 reovirus.
To target a3 as a viral product responsible for DAI

modulation, we transfected cells with the S4 gene and
assayed them for DAI phosphorylation. The presence of the
expressed cr3 in extracts of the transfected cells increased
the amount of dsRNA necessary for DAI activation by
10-fold compared with cells not containing cr3 (Fig. 4).
Although this finding indicates that the presence of cr3 is
sufficient to influence DAI activation significantly, it is likely
that other reovirus products are also involved in infected
cells, notably, polypeptide plC (37).

In adenovirus d1331-infected cells, the decrease in late
viral protein synthesis can be correlated with eIF-2a phos-
phorylation and loss of translation initiation. VAI RNA
produced from a transfected plasmid restored translation to
more than half the level of late viral protein synthesis in
wild-type virus-infected cells, and the reovirus S4 gene also
enhanced viral mRNA translation in d1331-infected cells.
Consistent with the translational enhancement by VAI RNA
and cr3 in d1331-infected 293 cells, the phosphorylated form
of eIF-2a was decreased nearly threefold by prior transfec-
tion with plasmids containing the VAI or S4 gene (Fig. 5).
From these results, it seems clear that the presence of cr3 had
a protective effect on eIF-2a comparable to that of VAI
RNA. This suggests that the molecular basis for the trans-
lational stimulation by cr3 in d1331-infected 293 cells was at
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the level of initiation resulting from a decrease in eIF-2a
phosphorylation.
To reconcile the positive translation effects of cr3 with the

phenotypic inhibition of host protein synthesis attributed to
the S4 gene in reovirus-infected cells (35), it is necessary to
consider cr3 as a factor which preserves or restores the
translational capacity of infected cells, despite the inhibition
of protein synthesis that is part of the antiviral response of
the host cell. In effect, as demonstrated in transfected cells,
cr3 stimulates the translation of messages that in the absence
of the dsRNA-binding polypeptide are repressed by DAI
activation. In reovirus-infected cells, the activator of DAI is
probably not viral genomic RNA, which apparently exists
only in protein complexes as virions or subviral particles (8).
The activator in reovirus-infected cells may correspond to
duplex regions in the Si gene transcripts (4). In addition, the
a3 polypeptides derived from each of the three different viral
serotypes have translational stimulatory activity (34). Thus,
any viral serotype-specific inhibition would depend on the
ratio of DAI activator (e.g., S1 mRNA) to translational
"stimulator" (polypeptide a3), and potentially to other
products which influence the availability of activator and
stimulator. For example, the ability of cr3 to stimulate
translation in transfected cells was diminished by coexpres-
sion of polypeptide plC (37), a viral structural component
that forms complexes with cr3 in infected cells (17, 21) and
prevents cr3 binding to dsRNA (13). Thus, the ratio of cr3 to
plC is also likely to be a determinant of DAI activation and
translational regulation in reovirus-infected mammalian
cells.

ACKNOWLEDGMENTS

We thank Michael Giantini for helpful discussions and B. Cullen,
E. Henshaw, R. Kaufman, D. Klessig, M. Mathews, R. Schneider,
T. Shenk, and E. White for invaluable materials and advice.
R.M.L. was supported by National Institutes of Health training

grant GM 08339.

REFERENCES
1. Akkaraju, G., P. Whitaker-Dowling, J. Youngner, and R. Jagus.

1989. Vaccinia specific kinase inhibitory factor prevents trans-
lational inhibition by double-stranded RNA in rabbit reticulo-
cyte lysate. J. Biol. Chem. 264:10321-10325.

2. Akusjarvi, G., C. Svensson, and 0. Nygard. 1987. A mechanism
by which adenovirus-associated RNAI controls translation in a
transient expression assay. Mol. Cell. Biol. 7:549-551.

3. Beattie, E., J. Tattaglia, and E. Paoletti. 1991. Vaccinia virus-
encoded eIF-2a homologue abrogates the antiviral effect of
interferon. Virology 183:419-422.

4. Bischoff, J. R., and C. E. Samuel. 1989. Activation of the human
PI/eIF-2 protein kinase by individual reovirus s-class mRNAs:
sl mRNA is a potent activator relative to s4 mRNA. Virology
172:106-115.

5. Davies, M. V., 0. Elroy-Stein, RL Jagus, B. Moss, and R. J.
Kaufinan. 1992. The vaccinia virus K3L gene product potenti-
ates translation by inhibiting double-stranded RNA-activated
protein kinase and phosphorylation of the alpha subunit of
eukaryotic initiation factor 2. J. Virol. 66:1943-1950.

6. Dever, T. E., L. Feng, R. C. Wek, A. M. Cigan, T. F. Donahue,
and A. G. Hinnebusch. 1992. Phosphorylation of initiation factor
2a by protein kinase GCN2 mediates gene-specific translational
control of GCN4 in yeast. Cell 68:585-596.

7. Giantini, M., and A. J. Shatkin. 1989. Stimulation of chloram-
phenicol acetyltransferase mRNA translation by reovirus capsid
polypeptide cr3 in cotransfected COS cells. J. Virol. 63:2415-
2421.

8. Gomatos, P. J. 1967. RNA synthesis in reovirus-infected L929
mouse fibroblasts. Proc. Natl. Acad. Sci. USA 58:1798-1805.

9. Gunnery, S., A. P. Rice, H. D. Robertson, and M. B. Mathews.

1990. Tat-responsive region RNA of human immunodeficiency
virus 1 can prevent activation of the double-stranded-RNA-
activated protein kinase. Proc. Natl. Acad. Sci. USA 87:8687-
8691.

10. Hershey, J. W. B. 1991. Translational control in mammalian
cells. Annu. Rev. Biochem. 60:717-754.

11. Hovanessian, A. G. 1989. The double-stranded RNA-activated
protein kinase induced by interferon: dsRNA-PK. J. Interferon
Res. 9:641-647.

12. Huang, J., and R. J. Schneider. 1990. Adenovirus inhibition of
cellular protein synthesis is prevented by the drug 2-aminopu-
rine. Proc. Natl. Acad. Sci. USA 87:7115-7119.

13. Huismans, H., and W. K. Joklik 1976. Reovirus-coded poly-
peptides in infected cells: isolation of two native monomeric
polypeptides with affinity for single-stranded and double-
stranded RNA, respectively. Virology 70:411-424.

14. Hunter, T., T. Hunt, R. J. Jackson, and H. D. Robertson. 1975.
The characteristics of inhibition of protein synthesis by double-
stranded RNA in reticulocyte lysates. J. Biol. Chem. 250:409-
417.

15. Imani, F., and B. L. Jacobs. 1988. Inhibitory activity for the
interferon-induced protein kinase is associated with the reovirus
serotype 1 cr3 protein. Proc. Natl. Acad. Sci. USA 83:7887-
7891.

16. Jacobs, B. L., and R. E. Ferguson. 1991. The Lang strain of
reovirus serotype 1 and the Dearing strain of reovirus serotype
3 differ in their sensitivities to beta interferon. J. Virol. 65:5102-
5104.

17. Jayasuriya, A. K., M. L. Nibert, and B. N. Fields. 1988.
Complete nucleotide sequence of the M2 gene segment of
reovirus type 3 Dearing and analysis of its protein product ,u1.
Virology 163:591-602.

18. Kaufmnan, R. J., M. V. Davies, V. K. Pathak, and J. W. B.
Hershey. 1989. The phosphorylation state of eucaryotic initia-
tion factor 2 alters translational efficiency of specific mRNAs.
Mol. Cell. Biol. 9:946-958.

19. Kaufman, R. J., and P. Murtha. 1987. Translational control
mediated by eucaryotic initiation factor 2 is restricted to specific
mRNAs in transfected cells. Mol. Cell. Biol. 7:1568-1571.

20. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

21. Lee, P. W. K., E. C. Hayes, and W. K. JokliL 1981. Character-
ization of anti-reovirus immunoglobulins secreted by cloned
hybridoma cell lines. Virology 108:134-146.

22. Lee, T. G., J. Tomita, A. G. Hovanessian, and M. G. Katze.
1990. Purification and partial characterization of a cellular
inhibitor of the interferon-induced protein kinase of Mr 68,000
from influenza virus-infected cells. Proc. Natl. Acad. Sci. USA
87:6208-6212.

23. Lee, T. G., J. Tomita, A. G. Hovanessian, and M. G. Katze.
1992. Characterization and regulation of the 58,000-dalton cel-
lular inhibitor of the interferon-induced, dsRNA-activated pro-
tein kinase. J. Biol. Chem. 267:14238-14243.

24. Lloyd-Italia, R. 1992. Molecular mechanism of translational
control mediated by the reovirus S4 gene. Ph.D. thesis. Rutgers
University, New Brunswick, N.J.

25. Maran, A., and M. B. Mathews. 1988. Characterization of the
double-stranded RNA implicated in the inhibition of protein
synthesis in cells infected with a mutant adenovirus defective
for VA RNAI. Virology 164:106-113.

26. Mathews, M. B., and T. Shenk 1991. Adenovirus virus-associ-
ated RNA and translational control. J. Virol. 65:5657-5662.

27. Mellits, K., and M. Mathews. 1988. Effects of mutations in stem
and loop regions on the structure and function of adenovirus VA
RNAI. EMBO J. 7:2849-2859.

28. Rowlands, A. G., R. Panniers, and E. C. Henshaw. 1988. The
catalytic mechanism of guanine nucleotide exchange factor
action and competitive inhibition by phosphorylated eukaryotic
initiation factor 2. J. Biol. Chem. 263:5526-5533.

29. Safer, B. 1983. 2B or not 2B: regulation of the catalytic
utilization of eIF-2. Cell 33:7-8.

30. Samuel, C. E. 1981. Procedures for measurement of phosphor-

VOL. 66, 1992



6884 LLOYD AND SHATKIN

ylation of ribosome-associated proteins in interferon-treated
cells. Methods Enzymol. 79:168-178.

31. Samuel, C. E. 1991. Antiviral actions of interferon. Interferon-
regulated cellular proteins and their surprisingly selective anti-
viral activities. Virology 183:1-11.

32. Schiff, L. A., M. L. Nibert, M. S. Co, E. G. Brown, and B. N.
Fields. 1988. Distinct binding sites for zinc and double-stranded
RNA in the reovirus outer capsid protein u3. Mol. Cell. Biol.
8:273-283.

33. Scorsone, K. A., R. Panniers, A. G. Rowlands, and E. C.
Henshaw. 1987. Phosphorylation of eukaryotic initiation factor 2
during physiological stresses which affect protein synthesis. J.
Biol. Chem. 262:14538-14543.

34. Seliger, L. S., M. Giantini, and A. J. Shatkin. 1992. Transla-
tional effects and sequence comparisons of the three serotypes
of the reovirus S4 gene. Virology 187:202-210.

35. Sharpe, A. H., and B. N. Fields. 1982. Reovirus inhibition of

cellular RNA and protein synthesis: role of the S4 gene.
Virology 122:381-391.

36. Thimmappaya, B., C. Weinberger, R. J. Schneider, and T.
Shenk 1982. Adenovirus VAI RNA is required for efficient
translation of viral mRNAs at late times after infection. Cell
31:543-551.

37. Tillotson, L., and A. J. Shatkin. 1992. Reovirus polypeptide 03

and N-terminal myristoylation of polypeptide are required
for site-specific cleavage to plC in transfected cells. J. Virol.
66:2180-2186.

38. Wigler, M., S. Silverstein, L.-S. Lee, A. Pellicer, Y.-C. Cheng,
and R. Axel. 1977. Transfer of purified herpes virus thymidine
kinase gene to cultured mouse cells. Cell 11:223-232.

39. Zweerink, H. J., and W. K. JokliLk. 1970. Studies on the
intracellular synthesis of reovirus-specified proteins. Virology
44:501-518.

J. VIROL.


